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Natural nacre is well known for its significant improvements in strength and toughness compared to its 
monolithic constituents because of its unique layered architecture. The toughening mechanisms of nacre 
have drawn considerable research interest. To synthesize materials with good mechanical properties of 
high strength and toughness, nacre-like materials were developed to replicate the architecture of nacre. 
In this work, manufacturing techniques based on bi-directional freeze casting and densification process 
were employed to prepare nacre-like ceramic (alumina, zirconia and hydroxyapatite) scaffolds. Two 
densification methods, namely one-step and two-step method, were investigated to produce nacre-like 
ceramic scaffolds with micro-layered (μL) and brick-and-mortar (BM) architecture, respectively. 
Afterwards, nacre-like ceramic scaffolds were infiltrated with different polymers (acrylates, epoxy, 
polyurethane) or metals (aluminium, magnesium) as the compliant phase to generate nacre-like 
ceramic/polymer or ceramic/metal composites. By tuning of processing parameters such as sintering 
temperature, binder content, cooling rate, compressive distance and solid loading, the resulting ceramic 
scaffolds exhibited various architecture and microstructure which were retained in the nacre-like 
ceramic/polymer or ceramic/metal composites. 
To understand the strengthening and toughening mechanisms in these nacre-like composites, 
mechanical characterization was systematically conducted on composites with different processing 
methods and parameters. Nacre-like composites with relatively lower ceramic fractions (<85%) 
revealed various intrinsic toughening (plasticity) and extrinsic toughening mechanisms (crack 
deflection, pull-out, frictional sliding, and ceramic bridges breakage). The difference in mechanical 
performance of composites manufactured from different processing parameters were attributed to their 
microstructure and strengthening/toughening mechanisms. The μL composite exhibited superior 
mechanical properties to those of the BM composite due to its better stress-transfer and crack deflection 
effects. The manufacturing method of one-step densification also had advantages of shorter processing 
time and more flexible control in microstructure. The novel μL composites with different combinations 
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Introduction and literature review  
1.1 Introduction 
It has always been a technical challenge to design and fabricate synthetic materials with both 
high strength and toughness because they are often mutually exclusive [1]. Nevertheless, some 
natural materials, such as bone, wood, and shells exhibit remarkable functional and mechanical 
properties [2, 3]. As a result, many researchers have started to investigate how natural materials 
obtain their exceptional mechanical properties (strength, stiffness, fracture toughness, impact 
resistance etc.). Due to the limited sources of chemical elements from nature (e.g. C, H, O, N, 
P, Si, Na, K, Si) [4], most natural materials are essentially composites of proteins, fibres, and 
minerals built into specific architectures [5]. These architectures are obtained by combining 
different features: interface between phases; hierarchical structures that span from nanoscale 
to macroscale; combinations of soft and hard materials within layered, columnar or fibrous 
arrangements, each with different mechanical response and properties etc. Therefore, studies 
have led to the beginning of a new branch of material engineering, usually referred to 
biomimetics. The main objective of biomimetics is to understand the principle behind the 
creation of the complex architectures of natural materials, then design and synthesize nature-
inspired materials. For instance, nacre, also known as mother of pearl, composed of inorganic 
aragonite and organic biopolymer, is an excellent example of natural composite materials with 
both high strength and toughness. The exceptional mechanical performances of nacre are 
attributed to the specific multi-layered architectures composed of hard aragonite and soft 
proteins. Thus, to mimic the structure of nacre, researchers have developed nacre-like synthetic 




or metal). In particular, biomimetics will allow scientists and engineers to optimise nacre-like 
composites with alternative compositions, architectures, microstructures, and fabrication 
techniques. Here, as the source of inspiration, the microstructure and mechanical properties of 
natural materials especially nacre will be firstly reviewed. Next, based on the toughening 
principles of nacre-like materials, the mechanical response of nacre-like synthetic composites 
will be highlighted regarding to their architecture, interface, and mineral bridges. Finally, to 
generate nacre-like composites, fabrication techniques related to freeze casting will be 
reviewed. 
1.2 Nature materials: the hierarchical architecture and properties 
1.2.1 Nacre 
In general, nacre refers to the inner layer of abalone shell (Fig.1-1a). Because of the harsh 
living conditions, this nacre layer in the shells of mollusks has exceptional mechanical 
performance to protect their soft bodies against external aggression from predators, rocks, or 
debris displaced by currents or waves [6]. Nacre is composed of ~95 vol.% highly aligned 
inorganic aragonite platelets and ~5% organic biopolymer with a complex architecture known 
as the ‘brick-and-mortar’ (Fig.1-1b). The ‘brick’ is the major load-bearing constituent 
composed of aragonite platelets (thickness: ∼0.3-0.5 µm; diameter: ∼5-8 µm), while the 
‘mortar’ acts as the lubricant for bricks, which is the bio-polymer (~20 nm thick) [7]. In the 
case of an appropriate interface [8], this brick-and-mortar architecture offers high toughness 
by dissipating energy therefore natural nacre exhibited at least one order of magnitude tougher 
than the monolithic aragonite [9]. For example, the fracture toughness (KJ) of aragonite does 





Fig.1-1 View of the inner nacreous layer of red abalone shell a). SEM images of fracture 
surface of nacre b). The hierarchical structure of nacre and its toughening mechanisms c). 
Adapted from [2]. 
 
Hierarchical architecture in nacre is complex and ranged from nano to macro scales showing 
multiple toughening mechanisms (Fig.1-1c). On the nanoscale, as the building block in nacre, 
each aragonite brick is formed by calcium carbonate nanograins (diameter: ~30 nm) glued by 
biopolymer. During mechanical testing, the bricks exhibited deformability due to the rotating 




interaction between them plays a key role in toughening and strengthening. Four main 
mechanisms have been observed: mineral bridges, nano-asperities, viscoelastic organic layers, 
and platelet interlocking. All of performances above allow the relief of local stresses and 
provide inelasticity. On the macroscale, the brick-and-mortar material shows a typical crack 
deflection after crack initiates, which is a typical toughening mechanism that earlier research 
has focused on [12]. It is suggested that the toughening mechanism of nacre is a combination 
of the above mechanisms from multi-scales in a synergetic and harmonious fashion. However, 
recent research mainly focused on the micro-scale toughening which is the inspiration of nacre-
like synthetic composites. 
The mineral bridges immersed in organic phase and connecting the bricks were first reported 
by Schäffer et al. [14]. To observe the mineral bridges and study their effect on mechanical 
properties, TEM was employed on the cross-section of nacre (Fig.1-2a and b). Nano-
indentation and three-point bending were performed for mechanical testing. The mechanical 
performance and analysis of nacre indicated that the existence of mineral bridges led to 





Fig.1-2 High-resolution and high-quantification electron microscope images of nacre taken 
after deproteination. a) and b) are TEM images illustrating mineral bridges between aragonite 
platelets in Gibbula umbilicalis. SEM images were taken from profile c) and top d) of aragonite 
bricks showing the nanoasperities. Adapted from [15] and [18]. 
 
The nano asperities were believed to be the principal source of shear resistance by increasing 
sliding friction between bricks. At the onset of plastic deformation, broken mineral bridges 
may play an important role in forming the asperities that subsequently resist shear. 
The biopolymer in nacre consisting of beta-pleated sheets folded into cross-linked polymer-




between them [19]. Fig.1-3a showed that the biopolymer could be stretched out and extended 
up to 150% since the organic polymer chains could be elastically elongated to redistribute the 
applied stress. The ductile biopolymer provides additional deformation before failure, resulting 
in high fracture toughness [20].  
 
Fig.1-3 SEM images of crack illustrating the fibril of biopolymer in nacre at low magnification 
and a) high magnification b). Adapted from [10]. 
 
The interlocking of bricks was first observed by Katti et al. in certain nacres [21]. As shown in 
Fig.1-4, bricks were wrapped and tacked together to build up an interlocking structure. Thus, 






Fig.1-4 SEM images showing the fracture surface of nacre at low and a) high magnification 
b). Adapted from [21]. 
 
1.2.2 Other natural materials 
The properties and functions of natural materials are always dependent on their living 
environments. Thus, natural materials found from different creatures show various mechanical 
properties. A material-property chart has been developed in Fig.1-5 representing sections 
through the multidimensional property space of materials and their mechanical performance. 
Besides, almost all the natural materials are composites of soft biopolymers and hard building-
blocks with complex architectures. Hence, apart from nacre, some other natural composite 
materials with remarkable mechanical properties would be introduced in this section. As 
lightweight natural plant materials with high hardness and strength per unit of weight, bamboo, 
wood or palm consisting of lignin, hemicellulose and cellulose fibres are shaped into hollow 
prismatic cells of varying layer width [5, 22-24]; keratin is the main component of creatures’ 
hair, nails, horns, reptilian scales, wool, and hooves, which demonstrate astonishing tensile 
strength. The structural characterisation of human hair reveals that it has a compact architecture 
with the scales on the surface [25, 26]. The dactyl club of a stomatopod known as the aggressive 
“biological hammer” of the ocean can penetrate or even smash the strong and tough natural 




exhibited extraordinary damage‐tolerance and exceptional impact force resistance [27, 28]. 
Based on microstructural characterisation and simulation, the club illustrates a pitch-graded 
helicoidal architecture constructed from mineralized chitin fibres that can dissipate the energy 
released by propagating microcracks [29].  
 
Fig.1-5 Ashby plot of the specific stiffness vs. specific strength for various natural and synthetic 
materials. Adapted from [5]. 
 
In human body, tooth and bone are prime examples of natural composites with mechanical 
properties that far exceed those of their constituents. Mature bones consist of compact bone 
and sponge bone, where compact bone covered the bone surface to protect structure inside the 
bone, and sponge bone can only be found in the interior of bones (Fig.1-6). Similar to nacre, 




hydroxyapatite (HA) nanocrystals (95% dry weight [30]) and type-I collagen. Hydroxyapatite 
is a hydrated calcium phosphate ceramic providing strength for bones to support and protect 
the body and organs, but it also participates in metabolism as a source of calcium [30]. Collagen 
is the most abundant biopolymer in the body of animals, and it is a basic structural element in 
soft tissues that results in improvement of the fracture toughness of bone. The architecture and 
multi-scale structures of bone are illustrated in Fig.1-6.  
 




1.3 Mechanical properties: natural materials vs. nature inspired synthetic 
materials 
As reviewed in section 1.2, some natural composite materials exhibited remarkable mechanical 
properties with a combination of high strength and high toughness. Nacre, the outer layer of 
abalone shell, has been proven as an excellent example of biological composite materials with 
both high strength and high toughness because of its unique layered architecture of organic and 
inorganic phases. Hence, learning from the nacre, a variety of nacre-inspired synthetic 
materials have been created to replicate the architecture of nacre, which are aimed at 
overcoming the conflict between toughness and strength. This section will focus on toughening 
mechanisms of nacre-like synthetic materials and the factors that affect their mechanical 
properties. 
1.3.1 Fracture toughness 
In theory, toughness is defined as the ability of a material to resist fracture under a load, thus 
both initiation and subsequent extension of a crack are taken into account. In the schematic 
illustration of crack propagation within materials (Fig.1-7), fracture toughness can be improved 
extrinsically and intrinsically. The intrinsic toughening is achieved by increasing the 
microstructural resistance, e.g. dislocation accumulations or interfacial debonding to suppress 
damage in the form of microcracking ahead of a crack tip. This mechanism is more effective 
for ductile materials like polymers or metals. However, for brittle materials, toughness is 
mostly achieved via the extrinsic toughening of microstructures that act principally behind the 
crack tip to reduce the ‘driving force’ at the crack tip. This is also known as the crack-tip 
shielding effect, which occur by such mechanisms as crack bridging. In fact, fracture toughness 




that promote cracking and extrinsic (shielding) mechanisms behind the tip that try to impede it 
[31]. 
 
Fig.1-7 Schematic illustration of intrinsic and extrinsic toughening mechanisms. Adapted from 
[32]. 
 
From the fracture mechanics perspective, it is apparent that most biological materials derive 
their fracture resistance through the action of a series of extrinsic toughening mechanisms. 
Inspired by this, J. Cook and J.E. Gordon reported that when introducing weak interfaces 
transverse to brittle materials, the materials were toughened due to extrinsic toughening such 
as the crack bridging effect [33]. For engineering materials, the resistance (R)-curve behaviour 
has vital implications in characterising the toughness of materials since it is developed while 
toughening during crack growth, rather than crack initiation. R-curve is frequently used to 
evaluate fracture toughness of nacre or nacre-like composite materials. It is defined as the plot 
of crack extension versus fracture resistance [34]. The exceptional fracture resistance of nacre-
like composites results from the fact that these materials do not exhibit catastrophic failure 
where the fracture energies increase as the crack extended. 
1.3.2 Architectures 
Microstructure generally defines mechanical properties of materials. For bioinspired materials, 




Nacre’s exceptional mechanical properties are attributed to its layered microstructure because 
its main toughening mechanism is crack deflection along interface between layers, resulting in 
high energy dissipation. Nacre-inspired materials possess normally layered microstructures 
such as lamellar [35] and brick-and-mortar architecture [36, 37]. The SEM images Fig.1-8 
revealed that the crack propagation behaviours are similar in nacre and nacre-inspired synthetic 
materials. 
 
Fig.1-8 SEM images taken during stable crack propagation of natural nacre a), nacre-like 
lamellar b), and brick-and-mortar c) composite materials. Adapted from [36]. 
 
The nacre-like ceramic based composite materials were first reported in 1990 by Clegg et al. 
[38]. In their work, layer-by-layer silicon carbide/graphite composites were fabricated. A 
decade later, laminated silicon nitride/boron nitride composites were prepared and the resulting 
composites displayed a fracture toughness of 24 MPa m1/2 without the obvious sacrifice of 
composite strength [39]. More recently, a novel brick-and-mortar ceramic/polymer composite 
was prepared by compressing the lamellar ceramic scaffolds created by freeze casting [40]. 
Launey et al. reported that the brick-and-mortar alumina/polymethyl methacrylate (PMMA) 
composite materials achieved very high fracture toughness over 30 MPa m1/2 [36]. A 
comparison of lamellar and brick-and-mortar structured composites revealed that the latter with 
high ceramic content resulted in better mechanical properties. Moreover, some advanced nacre-
like composites were developed based on these two architectures. For instance, nano brick-




while a brick-bridges-mortar composite synthesised by modified freeze casting displayed high 
strength at low ceramic content [42]. Another multi-layered brick-and-mortar composite was 
obtained by combining brick-and-mortar composite layers with epoxy layers [43].  
1.3.3 Interface 
The interface in composite materials was also known as a key factor to affect its mechanical 
properties. Since the extrinsic toughening of nacre-like composite is dependent on crack 
deflection between layers, optimal interface could lead to a higher fracture toughness. For 
instance, in nacre-like ceramic/polymer composites, when ceramic surface was modified by 
silane coupling agent before polymer infiltration, organic phase and ceramic phase were 
connected by covalent bond. Therefore, interfacial strength was enhanced. Not only flexural 
strength but also fracture toughness were improved in both lamellar or brick-and-mortar 
alumina/PMMA composite materials [36]. Apart from covalent bonding between phases, the 
interface could be enhanced by other methods such as laser engraving [44] and compliant phase 
crystallization [45]. The resulting nacre-like composite materials demonstrated improved 
mechanical performance in both strength and toughness.  
However, too strong interface also led to lower fracture toughness since it may prevent crack 
deflection. For instance, Wat et al. fabricated alumina/BMG nacre-like composite materials, in 
which the interface was formed at various infiltration temperatures [45]. From the micro-
cantilever tests (Fig.1-9a), infiltration at a lower temperature (1153K) resulted in a stronger 
interface. This was also supported by the high-magnification SEM images, clearly showing 
erosion behaviour at the interface, with a rough boundary (Fig.1-9d). For both brick-and-
mortar and lamellar structures, a weaker interface (1273 K) led to an approximate fourfold 
decrease in flexural strength (Fig.1-9b). However, fracture toughness showed opposite results 
(Fig.1-9c). For the lamellar composites, the fracture toughness improved slightly with a weaker 




catastrophically without stable crack growth resulting in a lower fracture toughness. The 
toughening mechanism of crack deflection no longer existed in the brick-and-mortar 
alumina/BMG composites (1153K) with a strong interface as shown in SEM images taken after 
fracture (Fig.1-9e). 
 
Fig.1-9 Conditional stress intensity–displacement curves for alumina/BMG composites 
processed at different infiltrating temperatures a); flexural strength b) and fracture toughness 
c); SEM images of interface d) crack propagation e) of nacre-like alumina/BMG composites. 
Adapted from [45]. 
 
1.3.4 Mineral bridges 
The introduction of inorganic bridges in nacre-inspired bulk materials could promote their 
mechanical properties. The inorganic, stiff bridges could be introduced by magnetic assisted 




printing [49], and controlled freezing conditions in freeze casting [42]. It was found that the 
composite materials obtained impressive mechanical properties with the addition of mineral 
bridges. For example, as demonstrated by Grossman et al., brick-and-mortar composite 
materials with mineral bridges were fabricated successfully via VAMA of titania-coated 
alumina micro-platelets (Fig.1-10b). The titania particle coated on surface alumina platelets 
were consolidated into mineral bridges connecting adjacent layers during the sintering process 
in a spark plasma sintering process. The effects of mineral bridges on the mechanical response 
of the resulting nacre-like composites were quantified. As a result, the bridges-reinforced 
composite showed a remarkable combination of flexural strength and toughness. Moreover, the 
mechanical properties were almost linearly dependent on the density of the ceramic bridges 
(Fig.10b-f), which could be explained by the ceramic bridges impeding interface shearing and 
promoting stress redistribution [42].  
 
Fig.1-10 SEM images showing brick-and-mortar composites before a) and after b) the 
introduction of mineral bridges (titania nanoparticles). Effect of mineral bridges fraction on 
flexural modulus c), flexural strength d), fracture toughness KIC e), and work of fracture f). 





1.4 Fabrication process 
Accordingly, the idea of replicating the natural designs in synthetic composite materials has 
attracted enormous interests [2, 50, 51]. The generation of synthetic bioinspired materials with 
intricate, hierarchical architectures is a challenge that requires not only the design of optimum 
microstructures but also the development of fabrication procedures to implement these designs 
[52]. To mimic the structure and achieve similar mechanical behaviour of nacre, synthetic 
composite materials with nacre-like architecture were synthesised via a variety of fabrication 
techniques such as freeze casting [35, 36], 3D printing [49], magnetic assisted alignment [37], 
biomineralization [53, 54], hot pressed assisted slip casting [55], gravitational sedimentation 
[56], layer-by-layer deposition [57-59], or by direct gluing ceramic layers [38]. The resultant 
nacre-like composite materials with multi-layered architectures displayed extraordinary 
flexural or tensile strength and a rising R-curve behaviour due to their nacre-mimicking 
architecture. However, it is difficult with most of these fabricating methods to generate 
biomimetic composites with structural hierarchy in large dimensions. Freeze casting can 
produce bulk materials with micro-scale architecture and relatively large size (>cm). This 
technique is also flexible, cost-effective and environmentally friendly. 
1.4.1 Freeze casting 
Freeze casting is a versatile technique to build up 3D porous scaffold structure by assembling 
particles suspended in liquid into ordered microstructure, which is also known as an ice-
templating mechanism [60]. This phenomenon was first found by Lottermoser [61] in 1908, 
where cellular structures were formed by freezing hydrosols. Furthermore, this process was 
developed on other solutions or slurries to prepare more complex structures. Currently, freeze 
casting is attracting an increasing interest because of its flexibility and cost-effectiveness. As a 
result, by 2016, over 900 papers had been published on this technique to fabricate well-




classes of materials, especially ceramics. The porosity, microstructure and architecture of 
scaffolds created by freeze casting can be tailored by altering slurries and freezing conditions 
resulting in different physical or mechanical properties of final products [60, 63]. Therefore, 
freeze casting has been widely employed to produce high-performance bioinspired materials 
mimicking natural materials in various application fields. 
The complete fabrication process of freeze casting of ceramics or composites shown in Fig.1-
11 is generally composed of four steps: (a) ceramic slurry preparation, (b) freeze casting, (c) 
freeze drying and (d) sintering. In the first step, ceramic powder is suspended in a liquid 
freezing agent with additional dispersant and organic binder to produce a colloidal suspension 
or slurry (a). In the second step, the as-prepared slurry is frozen under controlled temperature 
field, where the solidification of the freezing agent induces a freezing front of crystals that 
segregate the ceramic particles (b). When the slurry is frozen completely, the solidified liquid 
is sublimed under vacuum (c). The green body scaffold is obtained, and the structure of pores 
replicates the shape and location of the solidified liquid formed during freezing process. Finally, 
green body scaffold is sintered at high temperature to consolidate the ceramic particles to form 
the final scaffold with retained architecture (d). In some studies, there may be a fifth step, i.e. 
the post-processing step (e). The aim of this step is to fabricate composite materials, where 
infiltration of a second phase such as polymer [35, 36, 64], metal [45, 65], or glass [66, 67] is 
carried out. The resultant ceramic-based composite materials with bioinspired architecture 





Fig.1-11 Schematic diagram of the complete freeze-casting process, which occurs in four 
distinct steps, i.e. slurry preparation a), freeze casting b), freeze drying c), sintering d) and 
post processing e). Adapted from [63]. 
 
The most widely used liquid freezing agent is water, in addition to other organic solvents such 
as camphene, camphor‐naphthalene, and tert-butyl alcohol [68], as it is more economic and 
environmentally friendly. The aim of using dispersant is to provide stable slurries, avoid 
aggregation/sedimentation of particles, and alter the interface free energy between particles and 
solvent during freeze casting process [63]. The dispersive ability of dispersant governs the 
resistance to flow and fluidity of suspension during ice growth. To exam the dispersive ability 
of additive dispersant, rheological properties (i.e. viscosity) of slurries were characterised 
where the optimal dispersant was obtained with lowest viscosity and homogeneous structures 
and improved mechanical properties in the final sintered porous scaffolds [69]. Organic 
additive has been proven to be an important factor in ice solidification on freeze cast scaffolds 
by altering the properties of slurries (e.g. viscosity, pH value, and chemical structures). Many 
studies discussed how the viscosity affect the nucleation of ice crystal during freeze casting 




additive such as polyvinyl alcohol (PVA) [69-71], glycerol [72], and sucrose [73] were 
investigated on controlling the viscosity of slurries and generating scaffolds with different 
microstructures. At the same time, pH value of slurries determined by additive acid compounds 
has been shown to alter the pore size. In addition of citric acid [73], hydrochloric acid/sodium 
hydroxide [70], or acetic acids [74], the ice crystal displayed different morphologies. Dispersed 
chemical structures were formed in slurries offering a way to control scaffold structures. For 
instance, with addition of alcoholic organic compound such as ethanol, propanol and butanol, 
cage-like clathrate hydrates that can hold particles within were formed by hydrogen-bonded 
alcohol and water [75, 76]. This leads to drastically increased pore sizes. Another noticeable 
way with a similar mechanism to control microstructure of pores was to use antifreezes [68]. 
Fish gelatine and frog gelatine were used as antifreezes that directly bind to the surface of ice 
crystal by Van der Waals interaction or hydrogen bond thus blocking the ice growth resulting 
in ice recrystallisation inhibition, thermal hysteresis and ice shaping/crystal habit modification 
[77]. Inspired by this, zirconium acetate was added into slurries before freeze casting to modify 
the shape of ice. Deville et al. indicated that the zirconium acetate will adopt a hydroxyl-bridges 
polymer structure which would connect to the surface of ice crystals leading to reducing 
growing speed and manipulate the shape of ice crystals, thus the final ceramic scaffolds 
exhibited homogeneous honeycomb-like hexagonal pores [78].  
Besides slurry composition, the freezing conditions could also affect the porosity and pore 
structure in scaffolds. The basic mechanism of aqueous freeze casting to generate lamellar 
porous structure is shown in Fig.1-12. Solid particles in suspension are rejected by the moving 
solidification front and repositioned between the growing lamellar ice crystals. Thus, varying 
the freezing conditions could alter different architecture features. To control the microstructure 
of scaffolds, efforts have been made to adjust the freezing conditions such as cooling rate [79, 




[84]. The resultant scaffolds exhibited different microstructure with various layer thickness and 
porosity gradient.  
 





1.4.2 Fabrication of orderly aligned porous structures via freeze casting 
1.4.2.1 Altering cooling field 
Currently, a number of freeze casting techniques (Fig.1-13) with complex cooling fields have 
been reported to align lamellar walls in scaffolds. Those freeze casting techniques provided 
different cooling fields that rely on geometries and set-up of cold fingers to manipulate the 
freezing process. According to the configuration of different cold fingers, freeze casting 
techniques could be classified into multidirectional and templated freeze casting. Uni-
directional, bi-directional [85-88], tri-directional [89], infinite-directional (radial) freezing [90], 
infinite-directional (radial) concentric [91], and templated freeze casting [36, 73] have been 
developed to control the architecture and microstructure of final freeze-cast scaffolds. 
In the case of conventional uni-directional freezing, there was a unique temperature gradient 
thus the nucleation of ice crystals occurred randomly on the surface of cold finger where the 
freezing initiated within the aqueous slurry [92]. Consequently, the freezing slurry media 
consisted commonly of ice crystals that oriented preferentially along the direction of the 
temperature gradient, resulting in scaffolds with fine‐scale lamellar structures (Fig.1-13a). 
However, when a slurry was frozen at complex cooling fields offered by alternative freeze-
casting configurations, the suspended particles assembled into different microstructures since 
the nucleation of ice crystals was changed. For example, bi-directional freeze casting was able 
to produce highly aligned scaffolds from the freezing aqueous suspension. In this case, the bi-
directional freeze casting technique provided two temperature gradients: vertical and horizontal 
to the cold finger, where the ice crystals grew along two directions mutually [85-88] (Fig.1-
13b). When the number of temperature gradient was increased to three, the lamellar walls 
aligned into three distinct regions [89] (Fig.1-13c). Likewise, a cylinder freeze casting copper 




gradient in which the lamellar ice crystals were distributed along the radius of cylindrical 
mould, leading to the formation of centrosymmetric aligned lamellar structures [90] (Fig.1-
13d). Besides, based on the cylinder copper mould, a copper rod inserted into the slurry at the 
central of cylinder can supply additional temperature gradients, resulting in the formation of 
concentric structure of the porcupine fish spine in the final scaffold [91] (Fig.1-13e). In 
addition, by scratching the flat surface of cold finger uni-directionally with a sandpaper, the 
cooling field became templated. When the slurry was frozen on this templated cold finger 
surface, aligned lamellar architecture was obtained in the scaffold [36, 73] (Fig.1-13f). This 
implied that the templated cooling field could manipulate the nucleation and growth direction 





Fig.1-13 Freeze casting techniques based on different cooling fields applied and SEM images 
of cross-section of the resultant scaffolds. Examples are given with uni-directional a), bi-
directional b), tri-directional c), radial d), radial-concentric e), and templated uni-directional 
cooling f). The red arrows indicate the direction of temperature gradient. SEM images are 




1.4.2.2 Altering external field 
The freeze casting process could be altered by not only temperature field but also external 
forces. It has been reported that when slurries were frozen under external force such as dynamic 
flow [93], electric [94], magnetic [95], or ultrasound field [96, 97], the final scaffolds exhibited 
aligned architecture with various microstructure and mechanical properties. Compared with the 
conventional uni-directional freeze casting, the microstructure of resultant scaffolds fabricated 
by freeze casting assisted with external fields is shown in Fig.1-14.  
To obtain aligned ceramic walls during freeze casting, alumina nanoplatelet slurry was frozen 
as it flowed dynamically over the freezing surface [93]. The resultant scaffolds exhibited a 
large region of aligned structure and a small randomly oriented region compared with the 
samples prepared using conventional freeze casting at static condition (Fig.1-14a). From the 
thermal measurements on slurries during freezing under flow [94], the temperature gradient 
along flowing direction was formed depending on flow velocity, implying that the dynamic 
flow field offered a horizontal temperature gradient to create aligned structure where the 
principle was similar to that in bi-directional freeze casting. In another study, the symmetrical 
structure of porous ceramics was obtained after applying an electrostatic field with an intensity 
of 150 kV/m (Fig.1-14b). This study demonstrated that electric fields could rearrange the water 
molecule in slurries. As water is a polar molecule with a permanent dipole moment, the electric 
field was able to alter the preferential orientation and nucleation of ice crystals, hence 
redirecting ice growth [89, 94, 98]. It was also reported that a Helmholtz coil or permanent 
magnets could be employed to produce magnetic field in the freeze casting process to alter the 
microstructure during ice growth (Fig.1-14c). In aqueous solution, the magnetic field could 
affect both water molecules and suspended particles [95]. The hydrogen bonds between water 
molecules were strengthened by the magnetic field leading to the formation of ice crystals with 




instance, lamellar spacing in sintered alumina scaffolds increased around 60% from 52 to 88 
µm when the intensity of magnetic field decreased from 12.75 to 11 kV/m [89]. The effect of 
magnetic field on the alignment of particles was also dependent on the interaction energy 
between the suspended particles. The magnetic field affected particle aggregation and chain 
formation before ice nucleation during freeze casting. Recent studies on magnetic-assisted 
freeze casting demonstrated the utility of diverse types of magnets and magnet positioning 
techniques. As a typical diamagnetic particle, alumina had ignorable interaction with magnetic 
field. Frank et al. [93] used the ferrofluid-coated alumina (paramagnetic) particles to produce 
aligned alumina scaffolds via magnetic-assisted freeze casting. The results indicated that best 
alignment of lamellar ceramic wall was obtained when the alumina particle size was 350 nm 
and static magnetic field was perpendicular to freezing direction at an intensity of 75 mT. When 
the magnetic field was too strong (150 mT), the scaffolds displayed angled lamellar wall 
alignment. Ultrasound was also reported to assist the freeze casting process. Ultrasound 
pressure waves could orient and reposition particles suspended in slurries (Fig.1-14d). The 
particles suspended in slurries absorbing or reflecting the acoustic radiation force were more 
likely to agglomerate, the process of orienting and repositioning these particles was known as 
ultrasound directed self-assembly process. Scaffolds generated by freeze casting under 
ultrasound exhibited distribution of alternating dense/porous concentric rings, where the 
number of rings was dependent on operating frequency of ultrasound transducer [96]. 
Consequently, by altering either cooling field or external field provided routine to obtained 
samples with aligned architectures. Next, the bi-directional freeze casting would be further 






Fig.1-14 Effect of external field on microstructure of freeze casting scaffolds. Examples of 
aligned microstructure of scaffolds via freeze casting under dynamic flow a), electric b), 
magnetic c), and ultrasound d) fields. Red arrows indicate the direction of the applied external 
field. All images show transverse cross-sectional view perpendicular to the ice growth 




1.4.2.3 Bi-directional freeze casting 
Bi-directional freeze casting is one of the most effective techniques to prepare scaffolds with 
aligned microstructure. It was first reported in 2015, by Bai et al. [85], who fabricated large-
scale lamellar ceramic scaffolds by freezing hydroxyapatite (HA) suspension under dual 
temperature gradients. To add an additional temperature gradient, the uni-directional freeze 
casting mould was modified as shown in Fig.1-15b. Cold finger were separated by an 
insulating polydimethylsiloxane (PDMS) wedge with various angles. Due to relatively low 
thermal conductivity of PDMS, temperature field was dependent on the thickness of the PDMS 
at different positions. Therefore, changes in PDMS thickness lead to horizontal temperature 
gradient (Fig.1-15d). As a result, one more temperature gradient was formed at left-right 
(horizontal) in addition to top-down (vertical) directions. To confirm this, the slurry 
temperature at different positions shown in Fig.1-15d was measured using a thermocouple 
inserted into the mould and plotted as a function of time during freeze casting (Fig.1-15f). 
Compared with the uni-directional freeze casting (Fig.1-15a, c, and d), the ΔT indicated that a 






Fig.1-15 Comparison between uni-directional and bi-directional freeze casting. Schematic of 
the freeze casting moulds a) and b); profiles illustrating the ice-front within different moulds 
c) and d); the time vs. temperature plot exhibiting temperature gradient e) and f). Adapted from 
[85].  
 
Therefore, this technique can be used to control the alignment of ice crystal growth under dual 
temperature gradients. To evaluate the ice crystal nucleation and propagation processes, HA 
slurries frozen under the bi-directional freezing field at a cooling rate of 5 ℃/min were recorded 
by the real-time optical images of profile at different stages (Fig.1-16b). When the freezing 




PDMS surface not only horizontally but also vertically due to effect of the particles and the 
constitutional supercooling [60, 82]. During this process, the temperature on the PDMS surface 
also decreased, which accelerated freezing process of ice crystal along the PDMS. When the 
slurries on the PDMS surface were all frozen, the ice profile propagated upwards until reaching 
the slurries top surface.  
 
Fig.1-16 Ice-profile propagation during uni-directional a) and bi-directional freeze casting b) 
in different stages from left to right hand side: Nucleation, directed growth, continue growth. 
Red dash line assign to the ice front and the black arrows indicate ice growing direction. 
Adapted from [85]. 
 
However, the scaffold produced using the above mould had a slope because of the use of the 
PDMS wedge. Two more bi-directional freeze casting moulds were developed to produce more 
regular shaped scaffolds as shown in Fig.1-17. A recent work by our group reported a modified 
configuration of mould using the similar principle [87]. Instead of the PDMS wedge sitting on 
the flat copper plate (Fig.1-17a) [85, 99],  the modified mould was composed of a wedged 
copper plate back-filled with PDMS to form a flat surface in the mould (Fig.1-17b). The 
advantage of this mould configuration was that it could produce ceramic scaffolds with aligned 




uniaxial pressing in the subsequent densification process. This mould will therefore be used in 
this work. Another alternative mould was composed of two different materials with different 
thermal conductivity to provide two cooling rates in two directions (Fig.1-17c) [54]. In this 
method, the PDMS gasket was placed at the bottom of slurry. It could also be replaced by other 
thermal insulating materials like Teflon [86]. Thermal conducting copper plate was used as a 
sidewall of the mould. Two temperature gradients (vertical and horizontal) were generated at 
the same time when the freeze casting initiated. One of the drawbacks of this mould was that 
the freezing of slurries was slower at the same cooling condition because the relatively thermal 
insulating PDMS was in direct contact with the cooling source, leading to higher loss of cooling 
energy. 
 
Fig.1-17 Schematics of three different bi-directional freeze casting moulds: Flat copper mould 
covered by a PDMS wedge a); copper wedge covered by a PDMS wedge to form a flat surface 
b); copper and PDMS plates placed on left and bottom side respectively c).  
 
Fig.1-18 showed the arrangement of ice crystal (white) and ceramic particles (blue) during 
freeze casting under unidirectional and bi-directional cooling conditions (a, d) and their 
respective optical (b, e), SEM (c, f) and micro-CT images (g, h) of scaffolds . It can be seen 




microstructure (uniform blue coloured region in e), compared with the initial disordered region 
(multi-coloured region in e) and those from unidirectional freeze casting (b).  
 
Fig.1-18 Schematic of the uni-directional a) and bi-directional d) freeze casting processes. 
Coloured stitched light microscope images taken along z-direction from resultant scaffolds of 
uni-directional b) and bi-directional e). SEM images of randomly c) and highly aligned f) areas 
in scaffolds. Reconstructed 3D tomography of uni-directional freeze casting product g) and 
highly aligned scaffolds h) generated using bi-directional freeze casting. Adapted from [87]. 
 
When bi-directional freeze casting was performed at various cooling rates and different slope 
angles of wedge, the light microscope 2D top-view images indicated that the cooling rate and 




(Fig.1-19). Therefore, the slope angle of 10° and the highest cooling rate (10 °C/min) resulted 
in the longest aligned region as shown in Fig.1-19k. Other processing parameters such as solid 
loading and additive organic binder, had also influence on microstructure (e.g. lamellar 
thickness and interlamellar spacing, density of ceramic bridges) [86, 87].  
 
Fig.1-19 Microstructural change of scaffolds created by bi-directional freeze casting. Domain 
orientations of alumina scaffolds fabricated under different cooling rates (from 1 to 10 °C/min) 
and slope angles (α from 0° to 20°) of PDMS wedge. Adapted from [87].  
 
1.4.2.4 Application of bi-directional freeze casting 
Based on the successful fabrication of long-range and highly aligned scaffolds, bi-directional 
freeze casting was widely used in different applications. For example, long-range and highly 
aligned lamellar TiO2 scaffolds with improved mechanical properties compared to 
conventional freeze casting [72]; β-chitin lamellar matrix to support mineralisation of nacre-
mimetic materials [54]; boron nitride nano-sheet (BNNS)/epoxy lamellar composites were 
fabricated as a thermal insulation material [100]; and carbon-based layered materials such as 
graphene was obtained with aligned porous structures exhibiting shape memory properties [101, 




infiltration of polymer, glass, or metal to produce nacre-mimicking composite materials with 
brick-and-mortar microstructure. They exhibited excellent mechanical properties, particularly 
fracture toughness. Materials combinations included HA/PMMA [99], alumina/ Zr-based bulk-




1.5 Aims and objectives 
This work is aimed at fabricating and characterising nacre-like ceramic-based composite 
materials. The ceramic phases are alumina, zirconia or HA, and the compliant phases are either 
polymers (PMMA, PU, UDMA/TEDGMA and PU) or metals (aluminium and magnesium 
alloys). The intention was to obtain the composites replicating the nacre-like architecture found 
in nature and to achieve a good combination of mechanical properties of high strength and high 
fracture toughness. 
The specific objectives of this project were as follows: 
⚫ Prepare nacre-like ceramic scaffolds using bi-directional freeze casting and densification 
process.  
⚫ Study densification methods (i.e. one-step and two-step method) to generate ceramic 
scaffolds with micro-layered (µL) and brick-and-mortar (BM) architectures, respectively. 
⚫ Investigate the effect of different manufacturing parameters on microstructure of ceramic 
scaffolds.  
⚫ Produce nacre-like ceramic/polymer composites by salinization and polymer infiltration 
into as-obtained nacre-like ceramic scaffolds.  
⚫ Systematically characterise mechanics and microstructure of the resultant composites to 
understand the toughening and strengthening mechanisms.  
⚫ Develop nacre-like ceramic/metal composites through metal pressureless infiltration into 
as-prepared ceramic scaffolds.  
⚫ Investigate the relationship between ceramic fraction, microstructure, and mechanical 
properties of ceramic/metal composites.  
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Materials and experimental techniques 
2.1 Raw materials 
2.1.1 Slurries preparation 
Alumina powder (CT3000SG, Almatis GmbH, Germany), 3% yttria-stabilized zirconia powder 
(OZ-3Y, Orient Zirconic Ind, China), hydroxyapatite (HA, Captal S, Plasma biotal, UK), 
Dolapix CE64 (ZSCHIMMER&SCHWARZ Germany), Darvan 821A (R. T. Vanderbilt Co., 
Norwalk, US), magnesium oxide (MG-OX-04-P, American element, US), polyvinyl alcohol 
(PVA powder, MW: 30,000-70,000, Sigma Aldrich), octanol-1 (Fisher Scientific, US).  
2.1.2 Composite fabrication 
Duplication silicone (Elite double 32, Zhermack, UK), paraffin wax (Henry Schein, 900-1514, 
US), hydrogen peroxide (35 wt.% solution in water, stabilized, Sigma Aldrich), sulfuric acid 
(97.5+%, A.R. Grade, Sigma Aldrich), γ-methacryloxypropyl trimethoxy silane (γ-MPS, 
Sigma Aldrich), toluene (99.85%, extra dry, AcroSeal, UK), 3-Aminopropyl triethoxysilane 
(APS, Sigma Aldrich), methyl methacrylate (MMA, Sigma Aldrich), azobisisobutyronitrile 
(AIBN, Sigma Aldrich), polyurethane (Xencast P6 toughened polyurethane, Easycomposite, 
UK), triethylene glycol dimethacrylate (TEGDMA, Sigma Aldrich), urethane dimethacrylate 
(UDMA, Sigma Aldrich), epoxy resin (Specifix, Struers, UK), Silica suspension (LUDOX AS-
40, Sigma Aldrich), Aluminium alloy (5083, Shropshire stainless and aluminium, UK) and 





2.2 Fabrication process of ceramics and composites 
2.2.1 Ceramic slurries preparation 
Ceramic slurries for freeze-casting were prepared by dispersing submicrometric ceramic 
powders into deionized water (DI water). The mixture of ceramic powder/dispersant/DI water 
was transferred into polyethylene (PE) bottle with zirconia milling balls (two sizes of zirconia 
milling ball (diameter:10 mm and 5 mm) in the ratio of 1:1 by weight) and then processed 24-
hour ball milling (1600-VS-A, Pascall engineering, UK) at ambient temperature and high speed 
(~200 rpm) to break down the coarse powder or aggregates into fine particles. To strengthen 
the ceramic scaffolds after demoulding, organic binder polyvinyl alcohol (PVA) in the form of 
10 vol. % solution was added before the ball milling process. 
After ball milling, the slurries were de-gassed under the vacuum following the addition of 0.1 
ml of octanol (de-bubbling agent by increasing surface tension of slurries) for 10 min to remove 
air bubbles generated during high-speed ball-milling. The ceramic slurries were then further 
treated in an ultrasonic water bath (XUB5, Grant, UK) at ambient temperature and 38 kHz/150 
W ultrasonic power for 30 min until homogeneous mixing of ceramic particles and water.  
Organic binder, PVA is dissolved in DI water to synthesize aqueous solution before being 
added into ceramic slurries. Here, 10 vol.% PVA solution was prepared. Firstly, 59.5 g (50 ml) 
of PAV powder (density:1.19 g/cm3) was mixed with 450 ml cold DI water in a glass flask. 
The mixture is then placed on a multifunctional hot plate (Isotemp, Fisher Scientific, US) and 
magnetically stirred without heating-up, as the PVA/water mixture becomes sticky and tends 
to form lumps at elevated temperature. After 12-hour stirring, the PVA/water mixture becomes 
a clear and viscous solution which is then heated to 90 ℃ to increase dissolving rate of PVA. 




and stored in a refrigerator at 4 ℃ to inhibit bacteria growth. The PVA solution has to be 
consumed with 8 weeks. 
2.2.2 Ceramic dry pressing 
Ceramic discs were prepared by dry pressing method for comparison with composites. As the 
most economic and fast process for ceramic production, dry pressing is formed by ceramic 
powder compaction at uniaxial presses.  
Ceramic powder, ethanol, and 10 vol.% PVA solution were mixed in 40:3:3 ratio by weight. 
After violently stirring by a glass rod, the mixture was transferred into a steel pressing die and 
pressed at 150 MPa for 5 min. A ceramic disc green body was obtained after demoulding from 
the die. The green bodies were then sintered as described in 2.2.4. 
2.2.3 Freeze casting 
 
Fig.2-1 Set-up for the freeze casting process a), PMMA mould b) and cooling stage with 




The main purpose of freeze casting apparatus (Fig.2-1) is to provide a temperature field that 
controls the freezing of slurries. When as-prepared ceramic slurry (in 2.1.1) is poured into a 
custom-made freeze casting mould (Fig.2-1b), it is then transferred on the top of a pre-cooled 
cooling stage (Fig.2-1c), and the freezing of the ceramic slurry initiates.  
Fig.2-2 and Fig.2-3 showed schematically configurations of freeze casting apparatus for the 
control of temperature field and cooling stage, respectively. In this project, freeze casting 
moulds were made of a copper bottom block surrounded with an insulating polymer wall. A 
detachable, 20 mm thick polymethyl methacrylate (PMMA) material was used to produce a 
square mould to insulate ceramic slurries from the surrounding environment. The dimension 
of inner square of mould is 60 mm x 60 mm x 20 mm. Since top of the mould was opening to 
air, the top temperature of the slurries was equivalent to ambient temperature (ca. 25 ℃). On 
the bottom side of the mould, the copper block was the key to provide the cooling field within 
the slurries for the control of ice crystals’ nucleation and growth during freezing. To produce 
the ceramic scaffolds with controlled architectures, two types of mould constructions were 
commissioned to render uni-directional (Fig.2-2a) and bi-directional (Fig.2-2b) freeze casting.  
 
Fig.2-2 Schematics for uni-directional a) and bi-directional b) freeze casting mould. 
 
For the uni-directional freeze casting, the bottom of the mould was a flat copper block (Fig.2-




freezing. By contract, the bottom of the mould for bi-directional freeze casting was made of a 
copper wedge covered by equivalent duplication silicone (Fig.2-2b). A base silicone (Elite 
double 32) was weighted and mixed by 1:1 (base : catalyst) weight ratio and stirred by a 
blending machine (RZR, Heidoph, UK) for 30 s to mix the two parts completely. The mixture 
was then poured down onto the wedge and cured for 20 min at ambient temperature.  When the 
freezing initiated, apart from the bottom-top direction, the temperature gradient also formed 
along the horizontal direction along the wedge slope due to gradual thickness of the thermal 
insulating silicone. Therefore, the slurry started to freeze from the top line of copper wedge 
and ended at the other side of the mould. In the previous work published by our group [1], it 
was found that the copper wedge with an angle of 10° produced highly aligned lamellar ceramic 
scaffolds, therefore the wedge slope angle of 10° was chosen for the bi-directional freeze 
casting of ceramics in this work. 
When the mould was transferred on the top of pre-cooled cooling stage (Fig.2-1c), the freeze 
process began. As shown in Fig.2-3, the cooling stage was made of a heating band (MI, Watlow, 
US), an immersion cooler (polyscience, US) and liquid nitrogen. The proportional–integral–
derivative (PID) temperature controller (TCP-200, Tempco, US) was used to control and 
monitor the real-time temperature of the copper base through a thermocouple (Type J, Watlow, 
US) inserted in the freeze casting moulds (Fig.2-2a and b). Within the closed loop of the 
heating band, thermocouple and PID controller, the cooling stage was able to regulate the 





Fig.2-3 Schematic of the cooling stage used to control the cooling rate during freeze casting. 
 
When the slurry was completely frozen, the ice formed in the frozen samples was sublimated 
in a freeze dryer (Edwards, Modulyo freeze dryer, UK) at -60 ºC for at least 24 hours under a 
vacuum pressure of 0.03 mbar. Freeze-dried samples were de-moulded from the PMMA square 
mould. Finally, ceramic scaffolds were obtained with a dimension of PMMA mould (60 mm x 
60 mm x 20 mm).  
2.2.4 Densification and sintering 
To control the ceramic fraction in the final composite materials, highly aligned lamellar 
ceramic scaffolds obtained from bi-directional freeze casting were densified by a simple axial 
pressing. Before the densification process, the ceramic scaffolds were infiltrated with a paraffin 
wax (Henry Schein, 900-1514, US) at 80 ℃. The wax-filled ceramic scaffolds were cut to 






Fig.2-4 The pressing mould made of steel with high carbon content with a cross-sectional 
dimension of 23 mm×36 mm a). The schematic shows the ceramic scaffolds before b) and after 
c) densification. 
 
The pressing mould was firstly heated up to 90 ℃ for 30 min to ensure that the wax in ceramic 
scaffolds was melted. Densification was carried out by uniaxial pressing through the control of 
pressure using a hydraulic press (PerkinElmer, USA) (Fig.2-5a) or the compression distance 
using a mechanical testing machine (Zwick/Roell, Z020, Germany) (Fig.2-5b) 
 
Fig.2-5 Set-up for ceramic scaffold densification by uniaxial pressing at 90 ºC for 30 min: 




Finally, pressureless sintering of densified ceramic scaffolds with pre-designed compaction 
densities was carried out in a high temperature chamber furnace (Elite Thermal, UK). The 
samples were placed inside a cylindrical porous alumina crucible of 70 mm in diameter and 15 
mm in height. The sintering process was comprised of two cycles: binder-burning process and 
ceramic sintering process. In the binder-burning process, temperature raised to 600 ℃ with a 
heating rate of 2 ℃/min avoid the bloating of wax and polymer binder in ceramic scaffolds. 
The temperature was held for 2 hours to ensure the complete removal of organic compounds. 
Afterwards, ceramic were sintered at a higher temperatures (from 1350 to 1550 ℃ for 2 hours) 
at a heating rate of 10 ℃/min. The sintering temperature for high-temperature process was 
determined by the type of ceramics: alumina (1550 ℃), zirconia (1550 ℃), and HA (1350 ℃) 
2.2.5 Infiltration of compliant phase 
The nacre-like composite materials were prepared by infiltration of the compliant phase into 
open pores in ceramic scaffolds. In this work, both polymers and metal were employed to make 
different composites. The fabrication processing details of ceramic/polymer and ceramic/metal 
composites will be described in Chapter 4 and Chapter 5, respectively.  
Briefly, short chain polymers (oligomers or monomers) were infiltrated into the ceramic 
scaffolds first and then cured by in situ polymerization to create nacre-like ceramic/polymer 
composite materials. For nacre-like ceramic/metal composite materials, molten metals were 
pressureless infiltrated into ceramic scaffolds by capillary force and then solidified at room 
temperature. 
2.2.6 Surface treatment of ceramic scaffolds 
For nacre-like ceramic/polymer or ceramic/metal composites, to alter the adhesion between 
ceramic and the compliant phase, surface treatment on the ceramic scaffolds was essential 




ceramic surface prior to polymerization resulted in the formation of covalent bonds between 
ceramic and polymer. For ceramic/metal system, ceramic scaffolds were coated a new layer 
such as silica minimise the interfacial reactions and promote the wettability between ceramic 
and molten metal phase.  
The grafting of organic silane on the ceramic surface was achieved via a simple immersion 
silanization process. As schematically shown in Fig.2-7, when ceramic scaffolds were 
immersed in a solution of silane coupling agent at ambient temperature, the silane molecule 
chemically bonded to the ceramic molecule. Subsequently, oligomers/monomers were 
infiltrated into ceramic scaffolds. In the polymerization process, covalent bonds were formed 
between the organic compounds where oligomers/monomers were not only polymerised into 
long-chain molecules but also reacted with silane coupling agent on the ceramic surface. 
Consequently, grafted ceramic scaffolds were connected with polymer via covalent bonds. 
 






For facilitating metal infiltration and minimising the interactions of ceramic/metal composites, 
a colloidal silica (Ludox AS-30, Grace, UK) was used to form a silica coating on the ceramic 
surface [2]. Ludox AS-30 was a widely used commercial silica colloidal solution (stabilized by 
ammonia) containing 30 vol.% silica nanoparticles. Firstly, the Ludox AS-30 was infiltrated 
into ceramic scaffolds to introduce silica nanoparticles into scaffolds. Then the ceramic 
scaffolds were dried and calcined at high temperature. On drying, the colloidal silica 
nanoparticles were fused together at elevated temperature through silanol-silanol and silanol-
metal oxide reactions. Consequently, colloidal silica particles were attached to the ceramic 
surface and formed a thin layer (Fig.2-7). 
 
Fig.2-7 Schematic of silica nanoparticle coating mechanism. 
 
The pressureless infiltration of metals was carried out in a tube furnace (Elite Thermal, 
TSH15/100/750-2416CG, UK) as shown in Fig.2-8a. Unlike the chamber furnace for ceramic 
sintering, the tube furnace operated in an oxygen-free atmosphere (N2 or Ar) at high 
temperature to prevent oxidation reaction of metal. As shown in Fig.2-8b, a metal ingot was 
placed on the top of sintered ceramic scaffolds in a crucible. An extra crucible containing the 
same metal foil or powder was placed as an external getter to consume the extra oxygen before 
infiltration [3]. Next, the tube furnace was heated to the infiltration temperature (over the 
melting temperature of metals) for 20-180 min to complete the infiltration. Afterwards, the 





Fig.2-8 Tubular furnace for pressureless infiltration of metal a) and schematic of pressureless 
infiltration of metal b). 
 
2.2.7 Cutting and polishing  
2.2.7.1 Cutting and CNC machining 
Cutting and notching were performed using a water-cooled high-speed precise cutting machine 
(Accutum-50, Struers, Germany). Drilling was carried out using a 3D computer numeric-
controlled (CNC) milling machine (Modela pro MDX-600, Roland, Japan).  
For the cutting procedure, different saw blades and programs were used for different materials 
(Table.2-1). All the diamond-coated blades were dressed by a dressing block at 1000 rpm and 










Diamond wafering blade 











Diamond wafering blade 











Diamond wafering blade 
15LC, (127 x 0.4 mm) 
Buehler US 
2700 0.005 
Table 2-1 Saw blades used in different materials and cutting procedures. 
 
CNC milling machine was used to drill holes (diameter: 4 mm) on the composite samples to 
produce compact tension specimens for fracture toughness. Before cutting, the specimen was 
clamped on the T-slot table and a silicon carbide-coated bur (2071-4E, Industrial tooling, UK) 
was fixed in the high-speed spindle. Using a specific software (Modela 4), the cutting program 
was exported to CNC machine to drill holes at a spin speed of 4000 rpm and a feeding speed 
of 1 mm/min. 
2.2.7.2 Polishing 
After cutting, all samples were polished to achieve smooth surface (< 1 µm). This step can 
minimise the stress concentration in mechanical testing. In this work, a polishing machine 
(Tegra Pol 15, Struers, Denmark) was employed to drive resin bonded silicon carbide 
sandpapers (#80 to #2000) to grind sample surface or remove extra materials at a high spin 
speed (200 rpm). Afterwards, samples were further polished using a maintenance-free disc 
(MD-Largo, Struers, Denmark) with the aid of 3-µm diamond suspension and then finished by 




spin speed (100 rpm). Finally, well-polished samples were cleaned in an ultrasonic bath (XUB5, 
Grant, UK). 
2.3 Physical and chemical characterization  
2.3.1 Rheometry 
Rheometry generally refers to an experimental technique used to define the rheological 
properties of fluid or soft material, e.g. a solution, slurry, and gel. It determines the relationships 
between strain and stress during flow. Rheology is the science that studies the viscosity or the 
viscoelastic response of fluid under different stress or external stimuli that could be oscillatory, 
steady, squeeze or pull. Rheology is perhaps the most frequently used technique to determine 
the dispersion properties of concentrated ceramic powder suspension. Hence, the rheological 
measurement technique can be conveniently employed to determine the optimum type and 
concentration of the dispersant for each slurry system [4]. Freeze casting of ceramic slurries 
with high viscosity produced scaffolds with poor quality lamellar structure and even 
delamination in freeze casting direction [5]. According to fluid mechanics, the suspension with 
fewer aggregates or interactions exhibited lower viscosity. To optimise the freeze-casting 
ceramic slurries, the viscosities of  slurries with various amounts of dispersant were measured 
using a rheometer (Kinexus pro Rheometer, UK) at 25 ºC and a shear rate from 1 to 1000 s-1 
with a cone-plate geometry (diameter 40 mm). A 20 vol.% solid loading without addition of 
PVA was used.  
2.3.2 Linear shrinkage  
To study the effect of sintering temperature on the level of sintering, linear shrinkage at one 
the direction was used since the density of ceramics increased gradually during the high 
temperature sintering process [6]. The linear shrinkage is expressed as following (2.1): 




where Lb and La are the length of ceramic scaffolds before and after sintering process, 
respectively. 
The length of scaffold was measured from the direction perpendicular to the lamellar direction 
using a digital calliper (Absolute Digimatic, Mitutoyo, UK). 
2.3.3 Porosity and ceramic fraction 
The Archimedes’ method was used to evaluate the porosity and ceramic fraction of the sintered 
ceramic scaffolds according to ASTM C373 [7]. The mass of the scaffolds was taken in three 
different states: dry mass (mdry), mass in water (mwater) and wet mass (mwet), which were 
evaluated as shown in Fig.2-9. 
The mdry was taken after drying in an oven at 120 °C for 2 hours. To measure the mwater and 
mwet, the ceramic scaffolds were boiled in DI water for 4 hours to ensure all open porous were 
infiltrated by water. When it cooled down, scaffolds immersed in water were weighted and the 
results were named as mwater. Afterwards, ceramic scaffolds were taken out of the water and 
wiped by a damp chamois cloth to remove water outside the scaffolds. Following this, scaffolds 
were weighted immediately, and the resulting value was mwet. 
 





Once all the three measurements were taken, the following formulae were used to calculate the 




∗ 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 (2.2) 
𝐶𝑙𝑜𝑠𝑒𝑑 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = (1 −
𝑑𝑒𝑛𝑠𝑖𝑡𝑦
𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 100% 𝑠𝑜𝑙𝑖𝑑





∗ 100% (2.4) 
𝐶𝑒𝑟𝑎𝑚𝑖𝑐 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 1 − 𝑜𝑝𝑒𝑛 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 − 𝑐𝑙𝑜𝑠𝑒𝑑 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (2.5) 
All the specimens were weighted using an electronic analytical balance (Ac 120S, Sartorius 
analytic, Germany). All the values represented at least an average of three measurements per 
configuration. 
2.3.4 Fourier-transform infrared spectroscopy (FT-IR) 
Fourier-transform infrared spectroscopy (FTIR) characterisation of the grafted ceramic surface 
was performed using a FTIR spectrometer (PerkinElmer, spectrum-one FTIR, US) with an 
attenuated total reflection attachment (ATR). ATR-FTIR is a powerful tool to investigate 
silane-coated ceramic surface [8]. Hence, to characterise the surface chemistry on grafted 
ceramic scaffolds, alumina scaffolds prepared by bi-directional freeze casting were grafted by 
different silane (γ-MPS or APS). Afterwards, ATR probe was loaded on the direction 
perpendicular to lamellar of grafted alumina scaffolds. The resulting FTIR spectrum can provid 
the information to confirm the existence of the organic functional groups. 
As illustrated in Fig.2-10, the ATR-FTIR technique uses the total internal reflection property 
of a trapezoidal high refractive index crystal (ATR crystal) that, when passing through by an 
infrared beam, results in an evanescent wave. The sample is placed directly onto the crystal 
surface so that it can absorb the evanescent wave which penetrates it between 0.5 µm and 2 




wavenumber ranged from (10000-200 cm-1). Before it was collected by the detector, IR beam 
went through the surface of the sample where functional groups on sample absorbed lights with 
certain wavelength.  
The raw data of beams collected by detector named interferogram is a plot of mirror position 
vs. light, which is converted into the format of wavenumbers vs. light absorption using the 
Fourier transform. The resulting plot is the FTIR spectrum.  
 
Fig.2-10 Schematic representation of an ATR-FTIR system. The infrared beam passes 
through the ATR crystal covered on the top by the sample.  
 
Prior to testing, a polished pure ceramic block was used to set the infrared baseline of FTIR 
characterization. Next, ATR probe was placed on the top surface of sample and loaded to 30 N 
to make sure the ATR crystal contacted tightly with sample surface. 120 scans were collected 
and accumulated for each measurement in the spectral range of 4000-400 cm-1 with a resolution 
of 2 cm-1at room temperature. Each measurement was repeated 3 times, and the results were 
analysed using the software of OPUS™ 6.5. The ATR probe was cleaned by ethanol after 
testing. 
2.3.5 X-ray diffraction 
X-ray diffraction (XRD) was widely used to identify the different phases in composite 




materials were performed by X-ray powder diffraction (XRD, Bruker D8 Advance, US), in 
which the sample powders of HA/magnesium composites was used. Scan data were collected 
with Cu-Ka (λ=1.54 Å) radiation at a step size of 0.2° and 0.5 s for each step.  
An X-ray diffractometer is composed of an X-ray source, a sample stage, and an X-ray detector. 
When the tests initiate, an X-ray beam generated from X-ray source was collimated to 
concentrate towards the sample on the stage which is rotated as an angle θ from the X-ray beam 
direction where the X-ray scattered secularly. The X-ray detector is placed at an angle of 2θ to 
collect scattered beam. Constructive interference was generated by the interaction of the 
incident rays when the condition satisfies the Bragg’s law (2.6): 
𝜆=2𝑑𝑠𝑖𝑛𝜃                         (2.6) 
where λ is the wavelength of the incident X-ray, d is the spacing between the planes in the 
atomic lattice and θ is the diffraction angle (the angle between the incident X-ray and the 
scattering planes). 
The Bragg’s law relates the wavelength of radiation to the lattice spacing. As a result, the 
collected data was processed by this law to produce a spectrum illustrating all possible 
diffraction angle of lattice. Comparing the positions and then intensities of measured diffraction 
with measured pattern with the entries in reference databases using a search-match algorithm 
allows identification of single or multiple phases.  
2.3.6 Microstructural characterization  
2.3.6.1 Optical microscopy 
Optical microscope (DMI6000, Leica, Germany) was used to provide the optical images of 
samples at magnification ranging from 4× to 100× to analyse the microstructure of specimens. 
The well-polished samples were placed on the sample stand in the microscope, an external light 




magnifications. The digital images produced by the optical microscope were captured by a 
camera (Prime 95B sCMOS camera, Teledyne Photometrics, US). A scale bar was burned in 
using a software (Cellsens Entry, US). 
2.3.6.2 Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) was utilised to observe surface morphologies or fracture 
surface of scaffolds and composites at micro-scale. SEM was a more versatile and powerful 
technique to produce images with higher quality and high resolution to characterise the 
microstructure of materials.  
 
Fig.2-11 Schematic of SEM representation of the SEM functioning a) and the teardrop-shaped 
volume interaction b) of the electron beam with the sample surface. Adapted from [10]. 
 
The schematic of a typical SEM (Fig.2-11a) reveals the scanning process. An electron beam is 
collimated from the electron source and then focused by condenser lenses and objective lenses 
into a single beam (with a diameter of ≈0.4-5 µm). Once the electron beams interact the sample 




teardrop-shaped interaction volume on the specimen surface. The depth of the interaction 
volume varies from 0.1 to 5 µm and determined by different factors including acceleration 
voltage, atomic number, and specimen’s density. According to the schematic of interaction 
volume (Fig.2-11b), when the electron interacts with specimen surface, various signals were 
generated including secondary electrons (SE), back-scattered electrons (BSE), X-rays, and 
cathodoluminescence radiation which were detected and collected to produce different types 
of SEM images.  
Slight differences in surface topography lead to significant variations in the strength of the 
secondary electrons which are used to reconstruct the image in a scanning pattern synchronized 
with the electron beam scan of the sample surface [11]. This analysis allows a topographic 
evaluation of the sample surface and due to the depth of field of the SEM. The SEM has the 
measuring depth much larger than a normal optical microscope that rises from the geometry of 
the beam optics. The depth of field is the space between the best plane of focus where the image 
results still sharp and being larger in the SEM it allows the observation of rough surfaces. 
Backscattered electrons are generated by elastic energetic interactions of the primary electrons 
with the nuclei of the samples’ atoms. The intensity of the BSE signal depends on the average 
atomic number and density of the sample; images obtained with BSE electrons offers the 
compositional information. The inelastic interaction of the beam with the K-shell of the 
sample’s atoms, besides producing secondary electrons, generates Auger electrons, X-rays, and 
cathodoluminescence. The acquisition of the generated X-rays allows a localized chemical 
analysis, also known as energy dispersive spectroscopy (EDS). 
The microstructural characterization was mainly performed using a Quanta scanning electron 
microscope (Quanta 200F, FEI, US). To minimise the surface charging effect, specimens were 
loaded on an aluminium SEM stub via a conductive carbon taps adhesive and coated with 10-




in a vacuum chamber. Silver paint was applied on the edge of specimen to improve the 
electrical connection between the specimen surface and the aluminium SEM stub. The SEM 
images of microstructure were further analysed by imageJ. 
2.3.6.3 X-ray microtomography 
The X-ray tomography is a non-destructive method to image bulk samples. While the X-ray 
going through the sample, it records the information inside materials via 2D images. The 
number of images is dependent on resolution of scanner. Once scanning finished, the 2D 
images would be combined and constructed into a 3D numerical microtomographic images 
using Avizo 8.1 (Thermo Fisher Scientific, US). The composite materials were also examined 
using a micro-CT scanner (Nikon XTH 225 ST, Japan) at 120 kV and 3 µm resolution. 
In this work, the X-ray microtomography was used to determine the internal 3D geometries of 
composites and monitor the crack propagation during in situ fracture toughness testing. 
2.3.7 Mechanical characterization  
2.3.7.1 Compressive strength 
Compression strength (σf) is the capacity of a material to withstand uniaxial compressive loads 
per unit area, it can be calculated by: 




                                (2.7) 
Where P is the maximum load, A is the area of specimens. 
The compressive strength was measured using a universal mechanical testing machine 
(Zwick/Roell, Z020, Germany) with a load cell of 20 kN. Following the ASTM 1358 standard, 
all the tests were performed at ambient temperature at a loading rate of 1 mm/min. The 
compressive area was 4 mm×4 mm=16 mm2 and height of specimen was 6 mm. All values 




2.3.7.2 Flexural strength 
Flexural strength (σf) of materials is the force to withstand an applied load on its longitudinal 
axis between the supporting points. Three-point-bending test was employed to evaluate flexural 
strength in this work. When loaded to the central point, the three-point-bending specimen was 
under a combined stress of tensile, compression and shear, the maximum stress achieved during 
the bending test was called flexural strength. 
According to the ASTM D790 standard [12], the flexural strength was calculated using the 
following equation (2.8): 




                  (2.8) 
Where P is the maximum bending load, S is the support span, b is specimen width, d is 
specimen thickness.  
The specimen geometry is shown in Fig.2-12. 
 
Fig.2-12 Schematic of three-point-bending specimen. The red arrow illustrates the loading 
direction. 
 
Specimens were polished in the lengthwise direction before testing. Two load cells with the 
maximum limit of 500 N and 20 kN were used for ceramic/polymer and ceramic/metal 
composites, respectively. The support span of 12.5 mm and testing speed of 0.1 mm/s were 




midspan of the specimen to measure vertical deflection (Fig.2-12). All values represented an 
average of at least three measurements per configuration.  
2.3.7.3 Modulus 
Young’s modulus is defined as the stiffness of solid materials and is calculated by the relation 
between stress and strain in the elastic linear regime of a uniaxial deformation: 
𝑌𝑜𝑢𝑛𝑔𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠, 𝐸 =
𝜎
𝜀
  (2.9) 
Where  is stress  is strain. 
Ultrasonic testing was conducted to determine elastic modulus of pure polymer and pure 
ceramic. The ultrasonic waves were defined as elastic waves propagating in the materials with 
higher frequency. In this test, ultrasonic wave would be collected after propagating through 
materials and the Young’s modulus were calculated as the equation (2.10). 
𝐸 =




Where E is Young’s modulus, ρ is density of material obtained in 2.3.3, Vl is ultrasonic 
longitudinal wave velocity, v is Poisson’s ratio. 
Specimens for ultrasound testing are bulk cubes in the dimension of 10 mm×10 mm×10 mm 
produced by CNC or cutter. The surface has to be polished down to 1 µm. Handyscope HS3 
(Tiepie engineering, Netherlands) was employed to do ultrasound testing at three different 
frequency of probe at 1, 2, and 4 MHz.  
In the case of anisotropic materials such as nacre-like composites, elastic properties vary with 
direction, and so do longitudinal and shear wave sound velocity which will affect the 
measurements via ultrasound. In addition, ultrasonic waves provided by our equipment are hard 
to access nacre-like composites which may attributed to its high attenuation in shear mode. 




of composites were estimated by the rule of mixture (RoM). RoM was often used to predict the 
elastic modulus of composite materials by combining the modulus of monolithic constituents. 
In this work, the RoM was employed to estimate the modulus of nacre-like ceramic-based 
composite materials in the calculation of fracture toughness. Commonly, there are upper- and 
lower- bound limits for composites moduli which are calculated using following equations: 
 𝐸𝑈𝑝𝑝𝑒𝑟 = 𝐸1𝑓1 + 𝐸2(1 − 𝑓1)   (2.11)










Where EUpper is Upper-bound modulus, ELower is Lower-bound modulus, E1 is modulus of 







Where E’ is the mid-point of upper-bound and lower-bound modulus which is used in the 
calculation of fracture toughness KJ (2.3.7.4.2). 
2.3.7.4 Fracture toughness 
Fracture toughness is the capability of a material to resist to a crack propagation. In this work, 
two different factors, i.e. KIC and R-curve were used to evaluate the fracture toughness of nacre-
like composite materials. KIC represents the critical stress intensity factor of crack initiation. 
On the other hand, the R-curve reveals fracture toughness regarding to crack propagation. 
Fracture toughness was measured using three-point bending on a single-edged notched bending 
specimen (SEB) or tensile test on a single edge-notched compact tension specimen (CT). In 
accordance with the ASTM E1820 standard [13], samples were cut into a certain geometry. 
Next, a pre-notch was cut and sharpened in a custom-made micro-notching machine, designed 




tests. A schematic shown in Fig.2-13a and b reveals the micro-notching process alongside the 
optical images of a sharpened notch (Fig.2-13c and d). In the micro-notching process, a razor 
blade was sliding at a speed of 3 times/s under a loading of 10 N on the tip of notch immersed 
in a 1-µm diamond suspension (DiaPro Largo3, Struers, Denmark) for 2 hours. The radius of 
the sharpened notch was about 50 µm and the depth about 200 µm.  
 
Fig.2-13 Schematic a) and set-up b) of micro-notching process. Optical side view c) and top 





2.3.7.4.1 Fracture toughness KIC 
To evaluate the fracture toughness KIC of composite materials, as-prepared SEB specimens 
were tested using a Zwick Roell Z1020 universal testing machine at ambient temperature. The 
test was conducted with a load cell of 500 N and a loading speed of 1 µm/s.  
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Where P is the maximum force during testing (N), S is the support span (mm), B is the thickness 
of specimens (mm), W is the width of specimen (mm) and a is the crack length (mm), as shown 
in Fig.2-14. 
 






For different testing methods and equipment (SEM or Micro-CT), the SEB specimens were 
fabricated into three specimen size in this work: W=3 mm, B=1.5 mm, S=12.5 mm, a=1.5 
mm; W=4 mm, B=2 mm, S=16 mm, a=2 mm; W=5 mm, B=2.5 mm, S=20 mm, a=2.5 mm. 
2.3.7.4.2 R-Curve 
The KIC is the initiation fracture toughness, which is independent on the crack propagation. 
Thus, KIC is typically used to characterize brittle materials such as traditional ceramics and 
glasses because they exhibited catastrophically failure once reach maximum loading. In this 
case, theses brittle materials display flat R-curves where KJ=KIC=constant. However, the nacre-
like composites in this work exhibited rising R-curves because these materials produced a slow 
and stable crack propagation resulting in energy dissipation. As a result, the KIC was no longer 
enough to describe the fracture toughness of the nacre-like composites. KJ was therefore 
introduced into the fracture mechanics to account for changes in fracture resistance as a 
function of crack length. The plots of fracture toughness, KJ vs. crack extension, also known 
as R-curves were described as follows.  
Two different specimens were used in this work: SEB specimen and compact tension (CT) 
specimen. The SEB specimen was the same as that used in the KIC measurements (2.3.7.4.1). 





Fig.2-15 Schematic of CT specimen for fracture toughness measurement. Red arrows 
illustrate the loading direction. 
 
The CT specimens were fabricated as the following dimensions, i.e. W=20 mm; B=2 mm; 
L=10 mm; a=10 mm. 
In situ SEM and in situ Micro-CT technique were employed to monitor and record the crack 
propagation on specimen during fracture toughness testing by importing 2D image and 3D 
tomography, respectively. As-prepared specimens were loaded in customer-designed jigs on 
an in situ Deben Microtest-150 N stage (Deben, UK) mounted within the SEM chamber as 





Fig.2-16 Pictures of Deben Microtest-150N stage a), jigs for SEB specimen bending tests b) 
and CT specimen tensile tests c). Orange arrows assign to the loading direction and blue bars 
indicate specimens. 
 
Two methods, i.e. cyclic loading-unloading and monotonic loading methods were used to 
evaluate the fracture toughness.  
For the cyclic loading-unloading method, prior to testing, the specimen was preloaded to 




force (obtained from the KIC measurement), high-quality images were recorded via a slow 
scanning mode until the specimen was unloaded up to 80% of the current load. The specimen 
was then reloaded until the displacement reached more than 0.05 mm, when the motor was 
stable, unloaded it and took an image. The specimen was loaded and unloaded cyclically until 
the sample failed. The feeding speed for loading and unloading was 1 mm/min. The cyclic 
loading-unloading process was recorded by video, SEM images and load-displacement curves. 
For the monotonic loading method, the specimen was loaded at a feeding speed of 1 mm/min 
while a video was recorded to monitor the crack propagation in a fast-scanning mode of SEM. 
To evaluate the fracture toughness resistance regarding the J-integral as a function of crack 
extension, nonlinear–elastic fracture mechanics measurements were utilized to determine stress 
intensities, KJ. The crack-resistance curves (R-curve) which represented an energy dissipation 
rate as a function of crack extension was a trend line attained by accumulating points for at 
least three samples [15]. Fracture toughness KJ were determined by the back-calculated from 
these measured J values using the standard mode I J–K equivalence (𝐾𝐽 = √𝐽𝐸′). Where the 
E’ was the Young’s modulus of composites obtained from the rule of mixture (2.3.7.3). 
In according with the ASTM E1820 standard, the J was composed of both elastic and plastic 
component, i.e. 






















Where B and W were the thickness and width of specimen, respectively, a was the crack length, 
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Where b was the uncrack ligament, the Apl was the area under load vs. plastic displacement 
(Vpl) curve. 
𝐴𝑝𝑙(𝑖) =




and the Vpl was given by  
 𝑣𝑝𝑙(𝑖) = 𝑣(𝑖) − (𝑃(𝑖) 𝐶(𝑖) )                (2.22) 
According to loading-unloading curve. C(i) was the compliant of un-loading part and v(i) was 
the displacement of load cell for cyclic loading mode (CLM). 
By coupling the decreasing b with the crack propagation, the incremental definition of Jpl 
calculation was obtained: 
𝐽𝑃𝑙(𝑖) = [𝐽𝑝𝑙(𝑖−1) +
1.9(𝐴𝑝𝑙(𝑖)−𝐴𝑝𝑙(𝑖−1))
𝑏(𝑖−1)𝐵
] × [1 −
0.9(𝑎(𝑖)−𝑎(𝑖−1))
𝑏(𝑖)
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Nacre-like ceramic scaffolds 
Results in section 3.3.3.2.3 and 3.3.3.2.4 were published: 
H. Wan, N. Leung, S. Algharaibeh, T. Sui, Q. Liu, H.-X. Peng, B. Su, Cost-effective fabrication 
of bio-inspired nacre-like composite materials with high strength and toughness, Composites 
Part B: Engineering 202 (2020) 108414. 
3.1 Introduction 
Prior to the infiltration of polymers (Chapter 4) and metals (Chapter 5) to fabricate ceramic-
based composites, the preparation of ceramic scaffolds with nacre-like architectures was 
presented in this chapter. The fabrication procedure of scaffolds was followed by slurries 
preparation, bi-directional freeze casting and densification/sintering. Here, ceramic scaffolds 
with various architectures/microstructure and mechanical properties were investigated as a 
function of processing conditions.  
Beginning with the freeze-casting suspension, aqueous ceramic slurries were prepared by 
mixing ceramic powder, organic additives, and water. The organic additives i.e. dispersants 
and binders were shown to have significant impact on the microstructure of final scaffolds. The 
organic additives could influence the rheological properties of slurries resulting in various 
growth velocities and morphologies of ice crystals. Therefore, ceramic slurries were prepared 
with different amounts of dispersant and then characterised using a rheometer.  
Next, the as-prepared ceramic slurries were frozen under dual temperature gradients, freeze-






Since natural nacre is a highly mineralised (about 96 vol.%) composite material, it is necessary 
to densify the freeze-cast ceramic scaffolds into nacre-like scaffolds with higher ceramic 
fractions. From lamellar ceramic green bodies obtained by bi-directional freeze casting, two 
different densification methods were investigated to produce sintered nacre-like ceramic 
scaffolds, namely, one-step and two-step method where the resultant scaffolds exhibited two 
different nacre-like architectures, respectively. In this case, both alumina and zirconia were 
used. The dependence of microstructure of nacre-like ceramic scaffolds was investigated on 
processing parameters such as first-step sintering temperature, polymer binder content, ceramic 
solid loading, and compressive distance. Finally, the densified nacre-like ceramic scaffolds 
with µL and BM architectures exhibited good but anisotropic mechanical properties. They were 
suitable for the subsequent fabrication of nacre-like ceramic/polymer or ceramic/metal 
composites. 
3.2 Materials and methods 
3.2.1 Preparation of ceramic slurries 
Ceramic slurries were prepared by dispersing sub-micro commercial ceramic powder into 
deionized (DI) water using an organic dispersant and binder. In this work, three ceramic 
powders were utilised: alumina, 3% yttria-stabilized zirconia, and hydroxyapatite (HA). Two 
different dispersants used were the commercial carbonic acid-based polyelectrolyte dispersant 
(Dolapix CE64) and ammonium polyacrylate (Darvan 821A) depending on the type of 
ceramics. They were reported to be effective when preparing different ceramic slurries as 
shown in Table 3-1. where Dolapix CE64 was used as a dispersant for alumina [1] and zirconia 
[2, 3] while Darvan 821A was used for hydroxyapatite (HA) [4]. To determine the effect of 





of dispersant as shown in Table 3-1. Optimal dispersant content was determined using 
rheological measurement for different ceramic slurry systems. 
 Alumina Zirconia Hydroxyapatite 
Solid loading 20 vol.% 20 vol.% 20 vol.% 
Type of 
dispersant 
Dolapix CE64 Dolapix CE64 Darvan 821A 
Amounts of 
dispersant tested 
0.7 wt.%, 0.8 wt.%, 
0.9 wt.%, 1 wt.% 
0.2 wt.%, 0.3 wt.%, 
0.4 wt.%, 0.5 wt.% 
0.6 wt.%, 0.8 wt.%, 
1 wt.%, 1.2 wt.% 
Table 3-1 Slurries composition. 
 
3.2.2 Bi-directional freeze casting 
85 ml of as-prepared ceramic slurries were poured into a freeze casting mould for bi-directional 
freeze casting as described in 2.2.3. The freeze casting mound used was shown in Fig.2-1b. 
Accordingly, bi-directional freeze casting were widely used to generate ceramic scaffolds with 
highly aligned structures and their microstructural features could be controlled by applying the 
physics of ice formation. Based on the configuration of copper wedge covered by 
Polydimethylsiloxane (PDMS) shown in Fig.2-2 in Chapter 2, ceramic slurries were frozen 
under dual temperature gradients. The effects of slope angle (5-20°) and cooling rate (1-
10 ℃/min) on scaffold alignments and microstructure were studied in our previous work [5]. 
In this study, the slope angle of the wedge used was chosen to be 10° because the obtained 
scaffolds exhibited the best alignment. However, the investigation here was conducted at 
higher cooling rates in the range of 5-40 ℃/min. Because the maximum cooling rate provided 
by the PID/immersion cooler system is around 5 ℃/min, three cooling liquids with various 
cooling temperatures were used to pre-cool the cooling stage of freeze casting (Fig.2-3):  





temperature of cold fingers was measured during the freeze casting process. Fig.3-1 reveals the 
time vs. temperature plot demonstrating the cooling process in the first 5 min of freeze casting. 
Accordingly, starting from room temperature, all samples were fast cooled in the first 180 s 






where the ΔT is the temperature difference between 0s and 180s; Δt is 180s. 
As a result, the cooling rates were measured as 11 ℃/min, 20 ℃/min and 40 ℃/min for ethanol 
(-50 ℃), ethanol (-100 ℃) and liquid nitrogen (-196 ℃) cooling liquids, respectively. 
 
Fig.3-1 Temperature of cold stage during freeze casting when the cold stages were placed in 




3.2.3 Densification: One-step method and two-step method 
To acquire the scaffolds with nacre-like architecture and high ceramic fractions, two 
densification methods based on uniaxial pressing were investigated as schematically shown in 
Fig.3-2. These methods were named as ‘two-step method’ and ‘one-step method’ according to 
the number of their sintering steps.  
In the two-step densification method, ceramic scaffold green bodies prepared by bi-directional 
freeze casting were fired at a low temperature for the de-binder process (550 ℃ for 2 hours at 
a heating rate of 2 ℃/min) and then sintered at a relatively lower temperature (1150-1450 ℃ 
for 2 hours at a heating rate of 10 ℃/min) for first-step sintering. The partially sintered 
scaffolds were subsequently infiltrated by paraffin wax. To increase the ceramic content and 
further reduce the spacing between ceramic layers, the wax-infiltrated and partially sintered 
ceramic scaffolds were subject to uniaxial compression under 100 MPa pressure perpendicular 
to the lamellar layer direction at 90 ℃ and sintered at 1550 ºC for 2 hours at a heating rate of 
10 ℃/min for the second time.  
In the one-step densification method, paraffin wax was infiltrated into the green ceramic 
scaffold directly without pre-sintering. A universal mechanical testing machine (Zwick/Roell 
Universal testing machine Z020, Germany) was used to control the compression distance to 
alter the ceramic fraction and spacing between the ceramic lamellar during pressing at 90 ℃. 
Finally, the compressed ceramic scaffolds with wax were fired in a furnace at 550 ºC for 2 
hours at a heating rate of 2 ℃/min and then sintered at 1550 ºC for 2 hours at a heating rate of 





Fig.3-2 Flowchart illustrating the fabrication processes of nacre-like ceramic scaffolds. The 
green ceramic scaffolds with highly aligned lamellar structure from bi-directional freeze 
casting undergo two different densification routes: two-step method and one-step method. The 
resultant densified ceramic scaffolds displayed different architectures. 
 
3.2.4 Microstructural characterization 
The microstructure of ceramic scaffolds was characterised using a scanning electron 
microscope (SEM). Here, a fractured surface of scaffolds was performed under SEM to 
characterise the microstructure of scaffolds. Meanwhile, to examine the microstructural 
features, such as ceramic wall thickness and length, SEM images of polymer (polymethyl 
methacrylate or epoxy resin)-infiltrated scaffolds were analysed using ImageJ. Over 3 different 
images were used to estimate the dimensions of ceramic walls.  
3.2.5 Mechanical characterization 
The compressive strength of densified scaffolds was measured in two different directions: 
parallel and perpendicular to the ceramic lamellar in scaffolds. The specimen size was 4 mm×4 




3.3 Results and discussion 
3.3.1 Rheological behaviours of the ceramic slurries 
Prior to freeze casting, the rheological properties of ceramic slurries were investigated with 
different amounts of dispersant at 25 ℃ to determine the optimal content of dispersant in 
different ceramic slurry systems. The results of viscosities for the alumina and zirconia slurries 
with various amounts of dispersant are shown in Fig.3-3. Both alumina/Dolapix CE64 (Fig.3-
3a) and zirconia/Dolapix CE64 (Fig.3-3b) suspension displayed similar behaviours with a 
viscosity ranging from 0.01 to 1 Pa·s at a shear rate of 1-200 s-1. The viscosities of slurries 
decrease gradually as the shear rate increases, demonstrating a non-Newtonian flow. The 
ceramic slurries exhibited a shear-thinning behaviour, which is attributed to the broken 
polymeric links between the nanoparticles provided by the absorbed organic polymeric 
dispersant [6].  
 
Fig.3-3 Viscosity as a function of shear rate for alumina/Dolapix CE64 a) and 
zirconia/DolapixCE64 b).  
 
Furthermore, viscosities of slurries vary with the amount of additive dispersant. Viscosity at 




therefore, viscosities of ceramic slurries with different dispersant content were summarised at 
such a shear rate (Fig.3-4). It can be seen that, for alumina/Dolapix CE64 slurries (Fig.3-4a), 
the viscosity decreased when the dispersant concentration increased from 0.7 to 0.8 wt.%. 
However, when more dispersant was added with an increasing concentration above 0.9 wt.%, 
the slurries became more viscous due to the entanglement of the polymeric chains on the 
organic dispersant [9]. Therefore, the optimal dispersant concentration for alumina was 0.8 
wt.%. Similarly, for zirconia and HA slurries (Fig.3-4b and c), the optimal dispersant 
concentration with the lowest slurry viscosity was 0.4 wt.% and 1.0 wt.%, respectively. 
 
Fig.3-4 Viscosity as a function of dispersant concentration at a shear rate of 100s-1 for 
alumina/Dolapix CE64 a); zirconia/DolapixCE64 b) and HA/Darvan 821A c). 
 
Previous studies showed that the viscosity of slurry significantly contributed to the quality of 




produced samples with a better quality of lamellae structure and avoided delamination along 
the freeze direction. Therefore, this work is aimed to produce ceramic slurries with the lowest 
viscosity. The temperature of slurries near the freezing ice front was around 5 ℃ and the 
viscosity of ceramic slurries was not greatly affected by temperatures between 5 ℃ and 25 ℃. 
Therefore, the rheological properties were measured at 25 ℃ to ensure the regular growth of 
ice crystals during freezing in a given ceramic slurry. Dolapix CE64 provided both electrostatic 
and steric effects to stabilise the ceramic particles in slurries and the effects were determined 
by the ratio of dispersant and particles, thus, the optimal amount of dispersant indicated the 
best suspension dispersion resulting in the lowest viscosity of slurry [10]. Although viscosity 
is proportionate to the solid loading of suspension and the amount of organic binder, the 
influence of dispersant concentration was equivalent at diverse solid loadings or binder 
contents. Consequently, the optimal dispersant concentration of alumina/Dolapix CE64, 
zirconia/Dolapix CE64, and HA/Darvan 821A systems were 0.8 wt.%, 0.4 wt.% and 1 wt.%, 
respectively.  
3.3.2 Morphology and microstructure of freeze casting scaffolds 
Bi-directional freeze casting was processed on alumina slurries with 20% solid loading at a 
cooling rate of 5 ℃/min. SEM images of scaffolds in Fig.3-5b, c, and d showed the surface 
morphologies of ceramic lamellae. The ceramic walls displayed obvious dendritic-like features 
on one side and are smooth on the other side. According to the work reported by Deville’s 
group [13], this phenomenon resulted from the balance between the imposed and preferred 
growth of ice crystals. As shown in Fig.3-5a, two growth directions for the ice crystals were 
defined: temperature gradient and preferred growth direction. The temperature gradient was 
determined by the cold and hot sides and the preferred growth direction was determined by the 
crystallographic interfacial energies. The ice crystals growth tilted towards the preferred 




the other side. When water-based slurries containing alumina powders are frozen directionally, 
the ice crystals preferentially propagate and repel ceramic particles to form ordered structure 
and the morphologies of ice crystal reflect on the ceramic lamellae microstructure with the 
opposite effect.  
 
Fig.3-5 Schematic illustration showing ice growth direction a). SEM images illustrates the 
cross-section b), rough surface c), and smooth surface d) of ceramic lamellae. 
 
3.3.3 One-step vs. two-step densification method 
Since nacre has a high mineral content (96 vol.%), the densification of freeze-casting scaffolds 




by bi-directional freeze casting of 10 vol.% alumina slurries at cooling rate of 40 ℃/min. Two 
densification methods using a simple uniaxial pressing and pressureless sintering, namely two-
step method and one-step method, were employed to build up nacre-like alumina scaffolds 
(Fig.3-6). The resulting ceramic scaffolds were observed under SEM. Although both densified 
ceramic scaffolds exhibited nacre-like layer-by-layer architecture, the microstructure of each 
ceramic layer was different. From the top view (Fig.3-6a and c), scaffolds made using the one-
step method exhibited ceramic layers of higher integrity (Fig.3-6a). Massive broken ceramic 
bricks were found in the scaffolds generated from the two-step method (Fig.3-6c). From the 
side-view, while the scaffolds from the two-step method in Fig.3-6b were composed of 
separated ceramic bricks, Fig.3-6d displayed a one-step method densified scaffold consisting 
of long micro-scale ceramic layer. Hence, the architecture produced by the two-step, and one-






Fig.3-6 SEM images of the fracture surface of ceramic scaffolds from two-step and one-step 
method, respectively. a) and c) are top view images perpendicular to the lamellar structure, b) 
and d) are side view images parallel to lamellar structure. Scale bars: a) and c) 200 µm; b) 
and d) 100 µm. 
 
The two-step method is the most commonly reported fabrication method for BM ceramic 
scaffolds [14-16] while the one-step method is newly developed in this work and has not been 
reported before. The key distinction between these two methods is that partially sintered and 
brittle ceramic scaffolds were uniaxially pressed in the two-step method, while unsintered and 
ductile ceramic scaffolds were uniaxially pressed in the one-step method. This has significant 
implications, not only for their overall fabrication time (a sintering cycle typically takes a day) 
but also for their resultant microstructure (as shown in Fig.3-6) and mechanical properties. 
During conventional uniaxial pressing, the pre-sintered ceramic layers in scaffolds were broken 




fractured under uniaxial pressing loads. Consequently, the densified scaffolds displayed an 
assembly of aligned ceramic platelets or bricks. After infiltration of the compliant phase 
(mortar), the classic brick-and-mortar materials were obtained. Conversely, the objective of the 
one-step method was to preserve the lamellar (micro-layered) structure in the final densified 
ceramic scaffolds. Uniaxial pressing was employed to reduce the spacing between ceramic 
layers that were relatively intact after the densification of green ceramic scaffolds. Owing to 
the relatively high plasticity of the green scaffolds, instead of brittlely fracturing, the ceramic 
layers plastically deformed under uniaxial pressing load. The plasticity and toughness of green 
scaffolds are attributed to the organic polymer binder (polyvinyl alcohol, PVA) used. The 
pressing densification was carried out at 90 ℃ which is slightly above the glass transition 
temperature (Tg) of PVA (~80 ℃) [17], therefore PVA shows high plasticity at this processing 
temperature. Additionally, in the one-step method, even though the ceramic walls cracked or 
broke down during the pressing process, they could still heal and recover during the high-
temperature sintering stage as ceramic powders in green scaffolds still maintained a high 
sintering activity. After uniaxial pressing, the scaffolds underwent a single de-binding/sintering 
step. The fabrication time for the one-step densification route was therefore significantly 
shortened.  
Next, the study will focus on the effect of processing parameters on the microsutrcture of BM 
and µL scaffolds, respectively. The first-step sintering temperature for BM architecture will be 
investigated. Moreover, slurries composition such as binder content and solid loading, the 
extent of compression during densification would effectively manipulate the microstructure of 
µL scaffolds. 
3.3.3.1 Two-step method 
Zirconia brick-and-mortar scaffolds were prepared using the two-step method. Scaffold green 




of 40 ℃/min. The scaffold green bodies were then partially sintered (first-step sintering) at a 
relatively lower temperature ranging from 1150-1450 ℃. All the partially sintered scaffolds 
were then densified under uniaxial press at 100 MPa and finally sintered again (second-step 
sintering) at 1550 ℃ for 2 hours to build up scaffolds with brick-and-mortar structure. 
Ceramic scaffolds sintered at different temperatures shrink differently. Hence, two linear 
shrinkage values were measured after the first-step sintering and second-step sintering in the 
two-step method. The sintering temperature for the first-step sintering varied from 1150-1450 ℃ 
and the second-step sintering temperature was constantly kept at 1550 ℃. Fig.3-7 showed that 
linear shrinkage increased dramatically from ~3% to 23% as the first-step sintering temperature 
increased from 1150 to 1300 ℃. However, when the sintering temperature continued to 
increase above 1400 ℃, the linear shrinkage was kept steady at ~25%. Following the first-step 
sintering, the partially-sintered ceramic scaffolds were densified by uniaxial pressing and then 
sintered again at 1550 ℃ to facilitate further densification and formation of inorganic (ceramic) 
bridges between the ceramic bricks. After the second-step sintering, the shrinkage behaviours 
exhibited an opposite trend where the linear shrinkage was smaller for the scaffolds sintered at 
a higher temperature in the first-step sintering. The shrinkage was almost negligible for the 
scaffolds sintered above 1400 ℃ in the first-step sintering. Therefore, it could be concluded 
that the degree of sintering zirconia scaffolds increased when the sintering temperature 





Fig.3-7 Mean linear shrinkage ratio for zirconia scaffolds after the first-step sintering and 
second-step sintering at different first-step sintering temperatures ranging from 1150 to 
1450 ℃. 
 
Subsequently, ceramic fractions of scaffolds were measured after the second-step sintering 
using Archimedes methods and the results are shown in Fig.3-8. The ceramic fraction 
decreased from ~84% to ~58% when the first-step sintering temperature increased from 1150 
to 1450 ℃. However, this was a nonlinear process. The ceramic fraction dropped from 84.8% 
to 62.4% when the first-step sintering temperature increased from 1150 to 1300 ℃ then it 






Fig.3-8 The average ceramic fraction of BM zirconia scaffolds as a function of different first-
step sintering temperature from 1150 to 1450 ℃. 
 
Fig.3-9 illustrates the microstructure of polymer-infiltrated zirconia scaffold with different 
first-step sintering temperatures (1150 ℃, 1250 ℃,1350 ℃, and 1450 ℃). When the first-step 
sintering temperature was 1150 ℃, the ceramic phase displayed a high integrity where the 
ceramic bricks were connected, resulting in the formation of long ceramic bricks and abundant 
ceramic bridges between adjacent ceramic layers. This was because the scaffolds obtained at a 
low first-step sintering temperature of 1150 ℃ still had relatively high sintering activity 
therefore ceramic layers within a short distance could fuse mutually during second step 
sintering leading to more connections in the layered structure. In this case, the scaffolds also 




fraction (Fig.3-8). At higher first-step sintering temperatures (1250 ℃, 1350℃, and 1450 ℃), 
scaffolds exhibited separated short bricks imbedded into the polymer phase, also known as a 
typical brick-and-mortar architecture. The ceramic layers broke down during uniaxial pressing 
and had a lower sinter ability during the second-step sintering, thus scaffolds exhibited low 
ceramic fraction and low linear shrinkage after the second-step sintering. 
 
Fig.3-9 SEM images of polymer-infiltrated zirconia scaffolds produced by the two-step method 
at first-step sintering temperature of 1150 ℃ a),1250 ℃ b), 1350 ℃ c), and 1450 ℃ d). Scale 






3.3.3.2 One-step method 
Three processing parameters were investigated in the one-step method, i.e. binder content, 
cooling rate, and compressive distance. Their effects on the microstructure of scaffolds were 
discussed. 
3.3.3.2.1 Effect of binder content 
Organic binder plays a key role in the one-step method as it can provide strength and elasticity 
to the ceramic green bodies to maintain the structure during pressing. Different amounts of 
organic binder (PVA) were added to zirconia slurries with 10% solid loading, where PVA 
accounted for 1 wt.%, 2 wt.%, 4 wt.%, and 8 wt.% in the freeze-cast slurries. All of the zirconia 
slurries were frozen at a cooling rate of 40 ℃/min and the resultant scaffolds were densified 
by one-step method into µL architecture with 72% ceramic fraction. To observe the polished 
surface and microstructure, all scaffolds were infiltrated with polymer before SEM imaging. 
The micrographs of polymer-infiltrated zirconia scaffolds are illustrated in Fig.3-10. It can be 
seen that when the binder content was 1 wt.%, 2 wt.% and 4 wt.%, the scaffolds exhibited a 
distinctive micro scale layered structure. However, the scaffolds obtained from frozen slurries 
containing 8 wt.% PVA (Fig.3-10d) showed a nonuniform net-like microstructure where the 
layers were linked randomly to adjacent layers and the layer thickness was various from ~10-
50 µm. The organic binder of PVA influenced the slurries viscosity, which manipulated the ice 
growth process, resulting in different morphologies of the lamellar structure. High viscosity 
slurries produced more ceramic bridges and less homogeneous alignments [11]. It suggests that 
ceramic scaffolds generated from slurries containing 8 wt.% PVA will produce large amounts 
of ceramic bridges and poorly aligned lamellar structure that prevented densification under 





Fig.3-10 SEM images of µL polymer-infiltrated zirconia scaffolds fabricated with different 
amounts of PVA content of 1% a), 2% b),4% c) and 8% d). Scale bars: 50 µm 
 
The ceramic wall lengths in samples with 1 wt.%, 2 wt.% and 4 wt.% binder content were 
measured, and the histogram analyses are summarised in Fig.3-11. At 1 wt.% PVA 
concentration, the polymer-infiltrated scaffolds (Fig.3-10a) displayed a relatively short 
ceramic walls where the majority of ceramic length value is in the range of 100-200 µm. In this 
case, a small quantity of binder led to weak ceramic walls in ceramic scaffold green bodies 




resulted in a brick-and-mortar-like instead of micro-layered architecture. When the binder 
content was increased to 2 wt.%, the ceramic scaffold green bodies were strengthened resulting 
in fewer layer breakage during uniaxial densification and the longer ceramic layers were 
obtained (500 µm). Furthermore, by freezing 4 wt.% binder slurries, the strength of scaffolds 
was further improved and 38.1% of ceramic walls achieved the length around 2500 µm. It 
implies that PVA could effectively increase the length of a ceramic wall in the µL scaffolds 
produced by the one-step method. Similar results were obtained for other ceramic systems such 
as alumina. Therefore, ceramic slurries with 4 wt.% binder content will be used in the future 
work to produce the µL scaffolds. 
 
Fig.3-11 The statistical results of ceramic wall length in micro-layered structure with various 
binder content. 
 
3.3.3.2.2 Effect of cooling rate 
As shown in 3.2.2, 10% zirconia slurries were frozen bi-directionally with different cooling 
rates (11 ℃/min, 20 ℃/min and 40 ℃/min) to produce lamellae scaffolds altering ceramic wall 
thickness. Afterwards, the ceramic lamellar scaffolds were processed by freeze-drying and 
densification using the one-step method. Nacre-like zirconia scaffolds with µL architecture and 





























exhibited continuous and highly aligned lamellae structure along the scaffolds and finer 
dendritic morphology and thinner ceramic walls at a high cooling rate. Specifically, the high 
cooling rate not only produced controlled structure with defined lamellae thickness, but also 
changed the ice morphology from large lamellar to small dendritic crystals due to supercooling 
effects [18]. Using ImageJ analyse, Fig.3-13 illustrates that the ceramic wall thickness was 
reduced by half from around 16 to 8 µm when the cooling rate increased from 10 ℃/min to 
40 ℃/min. Although the results exhibited large standard errors, this also agreements in the 
nature of freeze casting according to the previous work reported in 2019 [5]. 
 
Fig.3-12 SEM micrographs of polymer-infiltrated µL zirconia scaffolds from 10% zirconia 
slurries processed at increasing freezing rates of 11 ℃/min a), d), 20 ℃/min b), e), and 





Fig.3-13 The average ceramic wall thickness as a function of the cooling rate. 
 
3.3.3.2.3 Compressive distance 
One of the most distinct advantages of the one-step method is that the ceramic fraction of µL 
scaffolds could be simply controlled by uniaxial pressing. Here, ceramic scaffolds were 
obtained from 10% alumina or zirconia slurries at a cooling rate of 40 ℃/min. To follow the 
bi-directional freeze casting, the scaffolds were infiltrated with a wax without sintering and 
pressed using a mechanical testing machine at various compressive distances as shown in 
Fig.3-14. The relation between the compressive distance and ceramic fraction was determined 
by the equation 3.2: 




where D is the compression distance; T is the thickness of green scaffold/wax before 
compression, and Cb and Ca are ceramic fractions before and after compression, respectively. 
Since the size of the freeze casting mound in this work is 60×60 mm, T=60 mm. 
 
Fig.3-14 Schematics of the densification process in the one-step method. 
 
Fig.3-15 showed the ceramic fraction (measured by Archimedes principle after sintering) of 
scaffolds produced by altering the compressive distance. As can be seen, the zirconia and 
alumina scaffolds were prepared with different ceramic fractions from 60 to 72 vol.% and 50 
to 85 vol.%, respectively. There was a maximum compression distance for the µL scaffolds. 
i.e. the scaffolds displayed a maximum ceramic fraction of 72 vol.% for zirconia and 85 vol.% 
for alumina. The distinctive layered microstructure disappeared when the ceramic fraction was 
above the maximum compressive distance where the adjacent ceramic walls were too close 






Fig.3-15 The average ceramic fraction of zirconia a) or alumina b) scaffolds vs. compressive 
distance after densification. The maximum ceramic fractions of the µL architectures are 
indicated with red squares in the graphs. 
 
3.3.3.2.4 Effect of solid loading  
Alumina was used to investigate the effect of solid loading because of the relative high radio-
opacity of zirconia compared to alumina [19] in the later X-ray synchrotron studies of nacre-
like composites (Chapter 4). Alumina slurries were prepared with 4 wt.% PVA but varied solid 
loading from 10% to 40%. After bi-directional freeze casting at a cooling rate of 40 ℃/min 
and using the one-step densification method, the alumina µL scaffolds were fabricated at 72% 
ceramic fraction. The densified ceramic scaffolds were then infiltrated with polymer and 
analysed by SEM imaging. Fig.3-16 showed the microstructure of the µL scaffolds with 
various layer thicknesses under different solid loadings of alumina slurry. The SEM images 
were analysed by ImageJ and the results of ceramic wall thickness were illustrated in Fig.3-
16e. Typically, alumina slurries with solid loadings from 10 to 40 vol.% generated the µL 
scaffolds with a wall thickness from 8 to 40 µm. Generally speaking, during freeze casting, 




scaffolds where higher solid loading led to thicker lamellae and high ceramic fraction at the 
same time [1, 18].  
 
 
Fig.3-16 SEM images of µL polymer-infiltrated alumina fabricated from 10% a), 20% b), 30% 
c), and 40% d) slurries. The ceramic wall thickness in µL scaffolds were analysed and 
summarized by a plot of ceramic wall thickness vs. solid loading of slurries e). Scale bars: 50 
µm. 
 
3.3.4 Mechanical properties of ceramic scaffolds 
To investigate the influence of different architectures on mechanical performance of the nacre-
like ceramic scaffolds, compressive testing was conducted on the scaffolds with both µL and 




both µL and BM scaffolds had highly anisotropic architectures, compressive tests were 
operated in two different directions: z- and x-direction (as shown Fig.3-17). Here, ‘z-direction’ 
is perpendicular to ceramic lamellae direction while ‘x- direction’ is parallel to ceramic 
lamellae direction. Two different types of ceramics (alumina and zirconia) were used to build 
up µL and BM scaffolds for compressive testing. All the nacre-like ceramic scaffolds were 
prepared at the same solid loading (10 vol.%), cooling rate (40 ℃/min) and with the same 
ceramic fraction (72 vol.%) and ceramic wall thickness (8 µm). The mechanical properties of 
compressive strength are summarised in Fig.3-17. Labels on samples with different 
architectures and testing directions are named in the following format: testing 
direction/architecture. For example, ‘z-direction/BM’ represents testing of the BM scaffolds in 
the z-direction.  
As can be seen, for both µL and BM nacre-like scaffolds, compressive strength in the z-
direction was higher than that in the x-direction. In particular, the BM alumina scaffolds 
exhibited a compressive strength at 72.9 MPa in the z-direction, which doubled the strength  in 
the x-direction (36.5 MPa). Moreover, the compressive strength of the µL alumina scaffolds in 
the z-direction reveals ~15% improvement compared to the x-direction, increasing from 43.7 
MPa to 50.9 MPa. This was also true for zirconia scaffolds that showed higher strength in the 
z-direction. The overall compressive strengths of zirconia scaffolds are superior to alumina 





Fig.3-17 Compressive strength of nacre-like ceramic scaffolds with 72% ceramic fraction in 
different directions (x-direction and z-direction) and architectures (BM and µL).  
 
According to the stress-strain curves of compressive testing on nacre-like alumina scaffolds 
illustrated in Fig.3-18, all curves reveal a stress plateaus before failure rather than brittle failure. 
It was difficult to find obvious linear elastic region from all materials thus no results of stiffness 
were obtained in compression tests. Apart from the µL scaffold in the x-direction, other 
samples exhibited extremely slow growing stress in the first ~4% strain because they 
underwent a densifying process during compressive testing.  
As illustrated in Fig.3-19, the compression can be divided into two stages: the stage one was 
known as densifying process, where the distance between layers decreased under compressive 
loads because porosity in the lamellar structure was gradually reduced. In the stage two, the 
scaffolds started to withstand loads and then failed when reaching the maximum load. Here, 
only the BM scaffolds in both x and z-directions, and the µL scaffolds in the z-direction 




the other hand, the µL scaffold in the x-direction withstood load from the beginning since the 
long and continuous lamellae were aligned in parallel to the compressive load direction.  
For ceramic scaffolds with both µL and BM architectures, the compressive strain-stress curves 
along the x-direction illustrate some stepwise peaks before maximum stress, indicating the 
presence of crack deflections [20]. The fractured samples showed a flake-like structure, 
suggesting that ceramic walls tended to crush individually rather than collectively. In this case, 
ceramic layers are prone to delamination, leading to flake-like structure and relatively low 
compressive strength. 
The results of mechanical testing (Fig.3-17) reveal that the scaffolds with different 
architectures exhibited different compressive strength. In particular, in the x-direction, the BM 
scaffolds had approximately 20% lower compressive strength compared to the µL scaffolds for 
both alumina and zirconia. This was because the ceramic layers in the µL scaffolds with longer 
ceramic walls offered better connectivity and stress-transfer, resulting in higher strength.  
However, in the z-direction, the BM scaffolds were approximately 30-40% stronger than the 
µL scaffolds. From the strain-stress curves (Fig.3-18), both µL and BM scaffolds displayed a 
similar failure behaviour because both scaffolds experienced a two-stage compressive failure. 
Nevertheless, the BM scaffolds crushed into a powder-like structure, while the µL scaffolds 
showed a diagonal crack (Fig.3-19). This may be attributed to a brick-sliding mechanism in 
the BM scaffolds as they are composed of individual ceramic bricks. Brick-sliding is a critical 
mechanism found in natural nacre [21] and artificial nacre-like materials [22-24]. As a result, 
the BM scaffolds underwent extended fracture during compressive testing and yielded high 
strength. By contrast, for the µL scaffolds, although the connectivity of ceramic walls 
traversing to the freezing direction prevented ceramic walls from buckling or shearing with 
each other when tested in the z orientation, the µL scaffolds with completely connected ceramic 





Fig.3-18 The stress-strain curves of compressive testing on nacre-like alumina scaffolds. The 
testing was carried out in two different directions with two different architectures: BM a) and 
µL b). 
 
Fig.3-19 Schematics show the compressive process of nacre-like alumina scaffolds and the 





To conclude, nacre-like BM and µL ceramic scaffolds were prepared via bi-directional freeze 
casting. Freezing ceramic slurries with optimum amount of dispersant produced highly aligned 
lamellae scaffolds with dendritic-like surface on one side. The dendritic-like surface could play 
a significant role in the formation of ceramic bridges during densification and the mechanical 
properties of the resultant composites (4.3.2.2.2). After densification from both one-step and 
two-step method, the final ceramic scaffolds exhibited nacre-like BM and µL architectures, 
depending on the densification method and processing conditions. Specifically, using the two-
step method, the ceramic fraction and microstructure were manipulated as a function of the 
first-step sintering temperature in the BM ceramic scaffolds. Using the one-step method, 
ceramic scaffolds with a distinctive µL architecture were achieved by altering the binder 
content from 1% to 4%, where the scaffolds displayed different ceramic wall length from 200 
to 2500 µm. The ceramic wall thickness, varying from 8 to 40 µm, was manipulated by the 
cooling rate and solid loading of slurries. The µL scaffolds with ceramic fractions up to 85% 
for alumina and 72% for zirconia were produced by uniaxial pressing at different compressive 
distance. 
Without any polymer or metal infiltration, the nacre-like alumina and zirconia scaffolds 
showed high compressive strengths up to 171.3 MPa, depending on testing direction and 
architectures. With the chosen densification method and processing conditions, the as-prepared 
ceramic scaffolds with good mechanical properties and defined architecture could be employed 
for the fabrication of nacre-like ceramic/polymer and ceramic/metal composite materials in 
Chapter 4 and Chapter 5, respectively. The work in this Chapter laid foundation for further 
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Nacre-like ceramic/polymer composites 
Results in section 4.3.2.2.2 and 4.3.2.3 were published: 
H. Wan, N. Leung, S. Algharaibeh, T. Sui, Q. Liu, H.-X. Peng, B. Su, Cost-effective fabrication 
of bio-inspired nacre-like composite materials with high strength and toughness, Composites 
Part B: Engineering 202 (2020) 108414. 
4.1 Introduction 
In the previous chapter (Chapter 3), nacre-like ceramic scaffolds were prepared by bi-
directional freeze casting and densification with controllable microstructure and feature size. 
To obtain nacre-like ceramic composites with improved mechanical performance (high 
strength and toughness), ceramic scaffolds could be infiltrated with compliant phases. 
Polymers have been widely used to infiltrate into ceramic scaffolds to produce tough and strong 
composites [1]. For example, polymethyl methacrylate (PMMA), polyacrylic methacrylate 
(PLMA), and polyether urethane diacrylate-co-poly (2-hydroxyethyl methacrylate) (PUA-
PHEMA) were individually infiltrated into nacre-like ceramic scaffolds and the resultant 
ceramic/polymer composites displayed remarkable mechanical properties, especially fracture 
toughness [2, 3]. In this chapter, the nacre-like ceramic scaffolds generated in Chapter 3 will 
be infiltrated with different polymeric compliant phases. The principal aim was to study the 
mechanical properties of synthetic nacre-like ceramic/polymer composites and their 
influencing factors including materials and fabrication processing parameters, thus flexural 
strength, compressive strength, stiffness, and fracture toughness (KIC and R-curve) were 
evaluated. Since two different ceramic scaffolds were produced with two distinctive nacre-like 
architectures i.e. brick-and-mortar (BM) and micro-layered (µL) in Chapter 3, their 




For BM architecture, ceramic scaffolds were infiltrated with PMMA and the effects of first-
step sintering temperature in two-step densification method and silanization on mechanical 
properties were studied. The first-step sintering temperature was shown to manipulate 
microstructure and ceramic fraction of scaffolds as well as composites (Chapter3). Here, this 
section will mainly concentrate on the mechanisms underlying relationships between the first-
step sintering temperature and mechanical properties of BM ceramic/polymer composites. As 
an important factor to influence the mechanics of composite materials, the interfaces played a 
significant role in natural biological materials (nacre, bone and wood) as reported by Barthelat 
et al. [4] This also inspired design strategies for synthetic biological materials. Therefore, the 
effect of interface on mechanical performance will be investigated. Silanization was an 
effective means to enhance the adhesion between ceramic and polymer [5], thereby the ceramic 
surface of scaffolds was modified by a silane coupling agent before infiltration of polymer. 
Here, the mechanism of silane coupling agent was to connect molecules between ceramic and 
polymer via covalent bonds to promote the interfacial bonding of composite materials. The 
silane-grafted ceramic surface was characterised via attenuated total reflectance (ATR)-
Fourier-transform infrared spectroscopy (FT-IR) to ensure the successful silanization on 
ceramic.  
For µL architecture, studies were carried out on mechanical performance dependence of 
microstructure (wall length, wall thickness, and ceramic fraction), polymer type [PMMA, 
copolymer of urethane dimethacrylate (UDMA)/triethylene glycol dimethacrylate (TEGDMA), 
polyurethane (PU) and epoxy resin], and ceramic type (alumina, zirconia). Considering that 
nacre’s exceptional mechanical properties are attributed by its special layered architectures, 
adjustment on the microstructure of nacre-like composite materials offered effective ways to 
build up stronger and tougher materials. Therefore, for nacre-like composites, the effects of 




the effect of constituents on mechanical properties of composites was also studied by 
simulation [9]. Herein, this work will focus on the ceramic/polymer composites with µL 
architecture and examine the relationships between mechanics and microstructure and 
composition. 
Finally, the µL composites will compare with the BM composites (4.3.2.3). It is a classic 
competition between layered (lamellar) and BM architectures, recent studies have compared 
two architectures in zirconia/methacrylate resin [10], alumina/PMMA [6], and alumina/Zr-
based bulk-metallic glass (BMG) composites [11]. Their results showed that the BM 
composites obtained better mechanical performance in most cases. However, the layered 
composites generally had a lower ceramic fraction, which made them not directly comparable. 
In this work, the novel one-step densification and conventional two-step densification methods 
were employed to produce µL and BM composites with the same ceramic fraction and ceramic 
wall thickness, which enabled the direct comparison of mechanical performance of nacre-like 
composites with only different architectures. 
4.2 Materials and methods 
4.2.1 Silanization 
Before the silanization process, ceramic scaffolds were modified by piranha solution. The 
piranha solutions were prepared by adding hydrogen peroxide droplet into concentrated 
sulfuric acid slowly at 90 ℃. Hence, the ceramic scaffolds were immersed in piranha solution 
(15 vol.% H2O2, 15 vol.% H2SO4, 70 vol.% H2O) at 90 ℃ for 20 min. The piranha solution an 
oxidizing agent with is a strong corrosive because it contains abundant extremely reactive 
atomic oxygen species, which can then chemically eliminate the organic contamination and 
generate hydroxyl groups on the ceramic surface during the piranha solution treatment (Fig.4-




low-power ultrasonic (50% power) for 15 min and 7-10 times, until the pH value of solution 
on ceramic surface is above 6. The purpose of the ultrasonication process was to ensure the 
removal of residue piranha solution that may remain inside the ceramic scaffolds. 
 
Fig.4-1 The conceptual schematic diagram of piranha solution treatment (hydroxylation) and 
silanization of ceramic surface by γ-MPS and APS. 
 
Following on drying in oven at 90 ℃ for 4 hours, ceramic scaffolds were immersed into the 
solution of a silane coupling agent (50 vol.% silane, 50 vol.% acetone) for 12 hours for 
silanization. Two different silane coupling agents were used in this work i.e. 3-




(Fig.4-1). The silane coupling agent commonly acts as a sort of intermediary which bonds 
organic and inorganic molecules. The silane molecule consists of a ‘silicon-based head’ (red 
box) and an ‘organic tail’ (blue box) (Fig.4-1) which can connect with inorganic and organic 
phase, respectively. Specifically, the silicon-based head can link steadily to reactive groups on 
substrate surface (e.g. glass, metal and ceramic) via covalent bond. For instance, on ceramic 
surface, the -OH (hydroxyl group) generated during piranha solution treatment will react with 
the -Si-OR (R is -CH3 for γ-MPS and -CH2CH3 for APS) on the head of silane molecule (green 
arrows) and then produce H-OR (by-product) and silane grafted ceramic surface as shown in 
Fig.4-1. After the grafting process, the ceramic scaffolds were rinsed with acetone to remove 
the by-product and unreacted silane coupling agents. On the other side of silane molecule, the 
organic tail commonly participates in crosslinking or polymerization of monomer/oligomers. 
4.2.2 Polymer infiltration 
Silane-grafted ceramic scaffolds were infiltrated into monomer and oligomers to complete 
fabrication of ceramic/polymer composites. During this process, polymerization and silane-
polymer crosslinking reactions will occur simultaneously. Polymerisation is the process of 
linking monomer or oligomers molecules together in chemical reactions to form polymer 
chains or three-dimensional networks [14]. Meanwhile, the organic tail of silane will 
chemically link to monomers or oligomers by covalent bonds. Four different types of polymers 
were used here: PMMA, UDMA/TEGDMA, PU, and epoxy resin. According to literatures, γ-
MPS was demonstrated to enhance the interface of the composites of ceramic/PMMA [5] and 
ceramic/UDMA/TEGDMA [15]. Moreover, APS was also used to enhance the interface 





Fig.4-2 The conceptual schematic diagram of polymerization and silane-polymer crosslinking 
reaction. The polymerization processes were highlighted by orange arrows. Reactions 





The chemical mechanisms of polymerization were shown in Fig.4-2. The methyl methacrylate 
(MMA), UDMA, and TEGDMA are vinyl-based monomers with similar functional groups of 
carbon-carbon double bonds (vinyl group), so theses polymers could be constructed through 
free radical polymerization based on vinyl group [18]. The vinyl groups were activated by free 
radicals (from initiator) and then reacted with the other vinyl groups resulting in connection of 
covalent bond. Moreover, the organic tail of γ-MPS containing a vinyl group will react with 
the free radical activated vinyl functional groups on MMA, UDMA, or TEGDMA during the 
radical-polymerization (Fig.4-2).  
Monomers of the PU are composed of two components: formulated polyol (part-A) and 
isocyanate (part-B). However, the manufacturer did not provide the details of two components, 
therefore HO-CH2-CH2-OH (ethylene glycol) and O=C=N-R-N=C=O were used to represent 
polyol and isocyanate in Fig.4-2. The hydroxyl groups on polyol can react with isocyanate 
groups to form carbamate groups resulting in monomers connection, which is also named 
"urethane links". Therefore, PU with high molecule weight is formed by condensation reaction 
between isocyanate and polyol [19].  
The starting materials of epoxy resin were composed of two parts: ethylenediamine (curing 
agents) and bisphenol-F-diglycidyl ether (epoxy oligomers). Amino on ethylenediamine can 
react with epoxide (the three-membered ring structure) functional groups on the epoxy 
oligomer to form covalent bonds. Hence, long-chain-length epoxy polymers are formed via 
step-growth polymerization of mediate-chain-length epoxy oligomer and ethylenediamine [20]. 
The APS-grafted substrates can link to both PU and epoxy resin. The organic tail of APS plays 
a role of polyol or ethylenediamine during polymerization of PU and epoxy, respectively. The 
-NH2 (amino) on organic tail can also react with isocyanate and epoxides functional groups as 





Consequently, to ensure the formation of chemical bonds between ceramic scaffolds and 
polymers in different ceramic/polymer systems, γ-MPS-grafted ceramic scaffolds will be 
infiltrated by PMMA or UDMA/TEGDMA; PU and epoxy resin will infiltrate into APS-
grafted ceramic scaffolds. 
4.2.2.1 PMMA 
 
Fig.4-3 Schematic of infiltration process of PMMA into ceramic scaffolds. 
 
Ceramic scaffolds were immersed into the solution of 0.5 wt. % azobisisobutyronitrile (AIBN, 
Sigma-Aldrich, UK) into MMA (Sigma-Aldrich, UK). The mixture was heated to 70 ºC where 
the AIBN (initiator) was activated to generate free radicals (2-cyanopropyl radicals) which then 
initiated the polymerization. The temperature was kept at 70 ºC/20 min for pre-polymerization 
until the MMA displayed a honey-like viscosity. The pre-polymerization is aimed to reduce 
prestress in the final ceramic/polymer composites. The monomer (MMA) is a kind of small-
sized organic molecule, thereby the polymerization results in formation of massive covalent 
bonds and reduction of the intra-molecular spaces. It is apparent that the shrinkage strain 
developed during polymerization in composite might introduce stresses in polymer phase [21]. 
The prestress had an adverse effect on the mechanical properties of composites. Hence, MMA 




released under ultrasonication for 20 min. Subsequently, the PMMA was cured in a water bath 
at 45 ºC for 24 hours. Finally, the composites were heated at 90 ℃/2 hours for annealing, 
following by slow cooling to room temperature to minimize thermally induced residual stresses. 
4.2.2.2 UDMA/TEDGMA 
 
Fig.4-4 Schematic of infiltration process of UDMA/TEDGMA into ceramic scaffolds.  
 
Initially, UDMA (oligomer, Sigma-Aldrich, UK), TEGDMA (monomer, Sigma-Aldrich, UK) 
and benzoyl peroxide (BPO, initiator, Luperox, Sigma-Aldrich, UK) were mixed at the ratio of 
100:100:1 by weight. The mixture was magnetic stirred at room temperature for 1 hour until 
UDMA and TEGDMA homogenously mixed and BPO powder dissolved completely. Once the 
mixture was infiltrated into ceramic scaffold in a vacuum infiltration machine (Cast N’ Vac 
1000, Buehler, USA), the beaker was moved out of vacuum system and placed at room 
temperature for 24 hours allowing the air bubble escape. Afterwards, it was then transferred to 
an oven for heat treatment and curing process. The temperature of oven was programmed and 
rising slowly from 25 to 120 ℃ step by step according to previous work by Algharaibeh [15]. 









Fig.4-6 Schematic of infiltration process of epoxy into ceramic scaffolds. 
 
14.3 wt. % of curing agent (SpeciFix-20 curing agent, Struers, Germany) was added into epoxy 
resin (SpeciFix resin, Struers, Germany) and stirred thoroughly by glass rod. When two parts 
were mixed completely, the mixture was infiltrated into ceramic scaffold in the vacuum 








Fig.4-7 Schematic of infiltration process of PU into ceramic scaffolds. 
 
The PU (Xencast P6, Easycomposite, UK) is composed of two components: part-A and part-
B. Mixing and infiltration have to be done very quickly because the processing time before 
curing is less than 5 min once two parts are mixed. The bottles of both part-A and part-B were 
shaken thoroughly to dislodge sediment prior to mixing the two parts at a ratio 1:1 by weight. 
The mixture was vigorously stirred by a glass rod for 1 min and then transferred to the vacuum 
infiltration system to process degassing for 2 min under the vacuum. When the bubbles escaped, 
the mixture was poured on the ceramic scaffold slowly until immerse it (within 1 min). Finally, 
release the vacuum allowing the PU to cure at ambient temperature and pressure for 1 hour. 
4.2.3 Microstructural and mechanical characterization 
The microstructures of ceramic/polymer composite materials were characterised using 
scanning electron microscopy (SEM) (Quanta 400 – FEI Scanning Electron Microscope). 
Everhart-Thornley electron detectors (ETD) and back-scattering electron detectors (BSE) were 
both used to image the microstructure of composites. The in situ SEM (S3200N, Hitachi, Japan) 
and in situ radiographs (X-ray radiators, Diamond light source, UK) were used to observe and 
measure the crack propagation during mechanical testing operated by Deben stage (Deben, 




frequency of ceramic bridges connecting the ceramic layers. The number of ceramic bridges 
between adjacent layers were counted per unit area. Ceramic wall thickness was also measured 
based on the SEM images. Over three different images were used to estimate density of ceramic 
bridges and wall thickness. 
Compressive strength of composites was tested on the rectangular specimens of 4 mm×4 mm 
×6 mm where the compressive area was 4 mm×4 mm and height was 6 mm. Flexural strength 
of composites was evaluated by three-point bending on the rectangular specimens of 1.5 mm×2 
mm×20 mm (span=12.5 mm). Fracture toughness KIC and R-curves were measured by three-
point-bending tests on single-edge notched bending (SEB) specimens with 1.5 mm×3 mm×20 
mm (span=12.5 mm) and 2.5 mm×5 mm×25 mm (span=20 mm), respectively. All toughness 
tests satisfied the plane-strain and small-scale yielding requirements for valid KIC measurement, 
as ASTM standards and all values represented an average of at least three measurements per 
configuration.  
4.3 Results and discussion 
4.3.1 Silane-grafted ceramic scaffolds 
To confirm the silanization of the ceramic surface, silane-grafted alumina scaffolds were 
characterised by Fourier-transform infrared spectroscopy (FT-IR) at the region of 4000-500 
cm-1, pure silane coupling agent was used as the reference (Fig.4-8). As shown in Fig.4-8a, the 
spectrum of pure γ-MPS corresponded to -OCH3 stretching bands at 2820 cm
-1 which 
demonstrated the presence of functional groups of silicon-based head of γ-MPS. Meanwhile, 
the peaks at around 1630 cm-1 and 1720 cm-1 were assigned to stretching band of carbon-carbon 
double bonds and carbon-oxygen double bonds, respectively.  C-H stretching bands was 
located at 2980 cm-1 relating to the -CH2CH2- on silane molecule. The presence of 




of pure γ-MPS. Comparably, the spectrum of γ-MPS-grafted alumina displayed the 
characteristic peaks at 1630 cm-1, 1720 cm-1, and 2980 cm-1 indicating the existence of organic 
tail. However, the peak representing -OCH3 at 2820 cm
-1 in spectrum of pure γ-MPS 
disappeared in that of grafted alumina. It suggested that the -OCH3 group disconnected from 
silicon-based head during silanization and then converted to methanol as a by-product which 
was removed in rinsing step. A wide band near 3400 cm-1 represented that there were still 
unreacted -OH on the alumina surface. 
Fig.4-8b showed FT-IR spectra of pure APS and APS-grafted alumina scaffold. The 
characteristic absorption peaks at 2950 cm-1 and 2850 cm-1 were attributed to asymmetric and 
symmetric stretching vibrations of -CH2; 1480 cm
-1 and 1420 cm-1 assigned to C-H bending 
and C-N stretching vibrations, respectively. Differ from that of γ-MPS system, there was no 
obvious change between APS and APS-grafted samples because the peaks refer to -OCH2CH3 
overlapped with peaks of –CH2 at 2850 cm
-1. In addition, no wide band (near 3400 cm-1) was 











As a result, it is clearly to see that both γ-MPS and APS have been confirmed to modify ceramic 
surface of scaffolds with functional groups of organic tails. 
4.3.2 Mechanical properties of nacre-like ceramic/polymer composites 
4.3.2.1 BM composites 
In this section, nacre-like BM composites were prepared by infiltrating polymer (PMMA) into 
as-prepared BM ceramic scaffolds using a two-step method. Experiments were conducted to 
evaluate the effects of firs-step sintering temperature and silanization on mechanical properties 
of nacre-like BM composites which are presented in 4.3.2.1.1 and 4.3.2.1.2, respectively. The 
ceramic scaffolds prepared under different processing conditions are listed in Table 4-1.  
Parameters studied First-step sintering temperature Silanization 
Ceramics Alumina Zirconia Alumina Zirconia 
First-step sintering  
temperature (℃) 
1250-1550 1150-1450 1550 1550 
Second-step sintering 
 temperature (℃) 
1550 1550 1550 1550 
Silanization 
(γ-MPS) 
No No Yes Yes 
Table 4-1 Manufacturing parameters of BM ceramic scaffolds before polymer infiltration. 
 
Two types of ceramics were used in this study: alumina and zirconia. According to Chapter 3, 
ceramic scaffolds with BM architectures were fabricated by the two-step densification method 
from scaffolds manufactured using bi-directionally freeze casting of ceramic slurries with 10 





4.3.2.1.1 Effect of first-step sintering temperature 
Fig.4-9 showed the mechanical performance of zirconia/PMMA composite materials prepared 
with different sintering temperature from 1150 to 1450 ℃. Both the load-displacement curves 
(Fig.4-9a) and fracture toughness KIC (Fig.4-9b) were obtained by three-point bending on SEB 
specimens. Obviously, all samples displayed plasticity before failure, which meant the nacre-
like BM architectures of all the samples exhibited the capability of stabilizing the crack 
propagation after the crack initiation. However, the crack resistance varied with the first-step 
sintering temperature. In the load-displacement curves (Fig.4-9b), samples sintered at 
relatively high temperatures in first-step sintering stage exhibited more gentle slopes and larger 
displacements before reaching the ultimate stress. For instance, samples sintered at 1350 ℃ 
and 1450 ℃ display pronounced ductility with more than doubled values of displacement (~0.1 
mm) than those sintered below 1250 ℃. In terms of KIC, samples with the lowest first-step 
sintering temperature (1150 ℃) showed the highest value of fracture toughness at 3.6 MPa m1/2. 
When the first-step sintering temperature increased to1350 ℃, the KIC dropped 67% to 1.2 
MPa m1/2. As the sintering temperature was further increased to 1450 ℃, the KIC decreased 
slightly to 1.1 MPa m1/2.  
Fig.4-9c illustrates the correlation between sintering temperature and testing results of three-
point bending (flexural strength and modulus) of composites. The results indicated that a rising 
first-step sintering temperature resulted in lower strength and modulus, where the tendency was 
similar to fracture toughness KIC in Fig.4-9b. However, from the SEM image taken from 
fractured surface (Fig.4-9d), it was evidenced that the crack displayed typical toughening 
mechanisms during crack propagation: fractional sliding and pull-out, indicating that the 





Fig.4-9 Mechanical performance of the BM zirconia/PMMA composites with different first-
step sintering temperature. Fracture toughness load-displacement curve a), fracture toughness 
KIC b), and flexural strength and modulus c) were shown as the first-step sintering temperature 
from 1150 to 1450 ℃. The SEM image was taken after fracture toughness testing on a 
composite with firs-step sintering temperature of 1150 ℃ d). 
 
The first-step sintering temperature mainly affected two features of scaffolds (and resultant 
composites): ceramic fraction and microstructure. Previous results in 3.3.3.1 indicated that 
lower first-step sintering temperature led to higher ceramic fraction and more connections in 




62.4% as the first-step sintering temperature was increased from 1150 to 1350 ℃. When the 
first-step sintering temperature continued increasing to 1450 ℃, the ceramic fraction slightly 
reduced to 58.1%. This tendency also corresponded to the mechanical properties of composites 
(fracture toughness KIC, flexural strength and modulus); they decreased faster from 1150 to 
1350 ℃ and slower from 1350 ℃ to 1450 ℃. At high ceramic contents, the mechanics of 
composites were enhanced because of the strong and stiff nature of ceramic (zirconia) which 
acted as a load-bearing phase. Meanwhile, higher ceramic content also led to lower polymer 
content with lower possibility to toughen composites intrinsically with the plasticity of polymer 
itself. Although the extrinsic toughening mechanisms normally contributed to the toughness 
during crack growth, they still had little effect on crack initiation [22]. Therefore, the fracture 
toughness (KIC) of composites was also enhanced extrinsically via frictional sliding and pull-
out (Fig.4-9). When the distance between ceramic layers (bricks) decreased as the ceramic 
fraction increases, there are higher possibilities of ceramic-ceramic layer sliding resulting in 
higher frictional force to resist crack propagating. In addition to layer sliding, the more ceramic 
bridges were formed which also enhanced the mechanics of the BM composite materials, this 
was likely achieved through efficient redistribution of stresses. The function of ceramic bridges 
in both natural nacre [23, 24] and nacre-like composite materials [25-27] was demonstrated to 
be a major mechanism of strengthening and toughening. Greco at el. investigated the 
relationship between volume fraction and microstructure (aspect ratio) of stiff phase on 
mechanical properties of nacre-like composites through computer simulations. Their 
conclusions were in good agreement with the results reported here, i.e. ceramic fraction and 
microstructures could stiffen, strengthen, and toughen the composites [28]. Therefore, when 
the first-step sintering temperature was lower, i.e. at 1150 ℃, BM zirconia/PMMA composites 
achieved higher flexural strength, modulus, and fracture toughness (KIC) with exceptional 




temperature displayed a better plasticity (ductility). A similar conclusion was drawn based on 
the BM alumina/PMMA composites by Algharaibeh from our group [15]. 
4.3.2.1.2 Effect of silanization  
Fig.4-10 compared the mechanical performance of BM ceramic/polymer composites with and 
without silanization. It can be seen clearly that the silanization process effectively promoted 
the mechanical performances (flexural strength, compressive strength, flexural modulus, and 
fracture toughness (KIC)) of both alumina/PMMA and zirconia/PMMA composites. Fig.4-10a 
demonstrate that after silanization, the flexural strength for alumina and zirconia composites 
improved 50% and 250%, reaching 80 MPa and 179 MPa, respectively. For compression 
testing (Fig.4-10b), the ultimate stress increased slightly from 176 MPa to 198 MPa as a result 
of silanization for alumina/PMMA composites; the zirconia/PMMA composites were 65% 
stronger after the grafting process where the compressive strength improved from 182 MPa to 
297 MPa. Similar to strength, stiffness and fracture toughness were also altered owing to 
salination wherein the modulus improved slightly from 24 to 31 GPa for alumina/PMMA and 
from 22 to 24 GPa for zirconia/PMMA composites (Fig.4-10c); the fracture toughness KIC 
significantly enhanced from 1.1 to 2.4 MPa m1/2 and 1.2 to 3.7 MPa m1/2 for alumina/PMMA 





Fig.4-10 Mechanical performance of BM alumina and zirconia/PMMA composites materials 
with or without silanization: Flexural strength a), compressive strength b), flexural modulus 
c), and fracture toughness (KIC) d). 
 
The improvements of mechanical performances might be attributed to the enhanced interface 
between ceramic and polymer phases. According to the SEM micrographs in Fig.4-11, grafted 
composites displayed a better cohesion between two phases compared to ungrafted composites 
where some obvious gaps or defects were found at the interface. It is well known that pre-
existing gaps or defects have significant impact on the mechanical properties of materials. In 
addition, when the crack propagated in nacre-like composites, the stronger interface enables 
the organic layer to act as a viscoelastic glue to bear higher stress to prevent layer pull-out as 




also examined by simulation i.e. discrete element method (DEM) [30] and representative 
volume element (RVE) [9], both studies stated that increase of interface strength led to higher 
load bearing capacity, crack resistance, and stiffness of composites. Furthermore, the interfacial 
strengthening and toughening mechanisms could also be applied to other nacre-like BM 
composites [6, 31]. 
 
Fig.4-11 SEM images of alumina/PMMA composites with a) and b) without c) and d) the 
grafting process. 
 
By comparing alumina/PMMA and zirconia/PMMA composites, it was apparent that zirconia-




and compression tests. It was demonstrated previously in 3.3.4 that the densified BM zirconia 
scaffolds obtained higher compressive strength than that of alumina. Differ from mechanical 
strength, the Young’s modulus of alumina (389 GPa) was higher than zirconia (221 GPa). This 
implied that the ceramic phase did play a key role in load bearing capacity affecting mechanical 
properties of nacre-like ceramic/polymer composites. 
Besides, it was also found that the grafting process not only strengthened but toughened 
zirconia/PMMA composites more significantly. While the strength and stiffness of alumina-
based composite was improved less than 50%, the zirconia-based composite was improved 250% 
for flexural strength, and 65% for compressive strength. Specifically, fracture toughness 
improved two- and three-fold for alumina/PMMA and zirconia PMMA after grafting process, 
respectively. This suggested that the silanization of γ-MPS provided either more or stronger 
covalent bonds between polymer (PMMA) and ceramic (zirconia) surface.  
4.3.2.1.3 Summary of BM composites 
To conclude, when the BM ceramic/polymer composites were prepared at relatively lower first-
step sintering temperature, they obtained higher ceramic fraction and higher microstructural 
integrity resulting in better mechanical performance. Meanwhile, the grafting process of silane 
coupling agents effectively promoted the mechanical performance of nacre-like BM composite 
materials. This was because that the silane coupling agents enhanced the interface by 
introducing chemical bonds between ceramic and polymers which led to reduced defects at the 
interface.  
4.3.2.2 µL composites 
In this section, all ceramic/polymer composites were produced via infiltrating polymers into 
µL ceramic scaffolds fabricated using a one-step method as described in 3.3.3.2. The 




evaluated to investigate the effects of these processing parameters and different microstructures. 
γ-MPS silanization was carried out for all the ceramic/polymer composites. 







Ceramics  Zirconia Alumina Alumina Alumina 
Sintering temperature  
 (℃) 
1550 1550 1550 1550 
Binder content 
(vol. %) 
1-4 4 4 4 
Ceramic wall 
thickness (µm) 
8 8-40 8 8 
Ceramic fraction 
(vol. %) 








Table 4-2 Manufacturing parameters of µL ceramic/polymer composites.  
 
Firstly, µL zirconia/PMMA composites were prepared from scaffolds with different binder 
contents where the ceramic wall length was altered. Then, alumina/PMMA were generated 
with various ceramic fraction and ceramic wall thickness. The reason why changes the zirconia 
into alumina is because the alumina/polymer composites prepared in this section will be 
characterized by X-ray radiography. However, the X-ray is hard to transmit through zirconia 




based composites and carry on the investigating impact of microstructure of µL 
ceramic/polymer composites. Finally, the role of the polymeric compliant phase in the 
mechanics of µL alumina composites was studied based on four different types of polymers. 
4.3.2.2.1 Effect of ceramic wall length 
According to 3.3.3.2.1, zirconia µL scaffolds were prepared via one-step method with altering 
binder content (1 wt.%, 2 wt.%, and 4 wt.%). The as-obtained scaffolds displayed a similar 
ceramic wall thickness (8 µm) and ceramic fraction (72%), but different ceramic wall length 
i.e. 200 µm, 500 µm, and 2500 µm  for binder content of 1, 2 and 4 wt.%, respectively. 
Therefore, mechanical properties (flexural strength, modulus, and fracture toughness KIC) of 
nacre-like µL zirconia/PMMA composites were evaluated to investigate the effect of ceramic 
wall length on mechanical performance of composites. 
Fig.4-12 reveals the relations of binder content and mechanical properties of composites. 
Apparently, with higher binder content, mechanical properties of µL zirconia/PMMA 
composites significantly improved. When the binder content increased from 1 to 4 wt.%, the 
flexural strength was doubled from 136 to 274 MPa; flexural modulus increased from 29.8 to 






Fig.4-12 Mechanical properties of µL zirconia/PMMA composites with various binder 
content: Flexural strength & flexural modulus a) and fracture toughness KIC b). 
 
The improvement on mechanics may be attributed to the length of ceramic walls. As the 
ceramic wall elongated from short (250 µm) to mediate-length (500 µm), each ceramic layer 
obtained a better connection resulting in a better stress-transfer effect, which is known to 
enhance materials strength, stiffness and toughness for nacre-like composites [25, 26]. 
Nevertheless, as the ceramic wall length continues increased to 2500 µm, there was no further 
significant improvement in mechanics. This was because stress transfer already fully activated 
the long ceramic layer in composites with relatively high ceramic fraction (72%) [32], which 
was in agreement with the computer simulation. Greco et al. [28] stated that high aspect ratio 
of stiff phase (ceramic) resulted in a better stress transfer and load-bearing of nacre-like 
composites. It is noted that a similar effect was observed in BM composites which has been 
discussed in 4.3.2.3. 
4.3.2.2.2 Effect of wall thickness and ceramic fraction 
As described in 3.3.3.2.3, µL alumina scaffolds with the same wall thickness (8 µm) but 




Meanwhile, µL alumina scaffolds were prepared at different wall thickness (8-40 µm) and same 
ceramic fraction (72%) by freezing slurries with different solid loading (10-40%) according to 
3.3.3.2.3. All alumina scaffolds were grafted by γ-MPS and then infiltrated with PMMA to 
manufacture µL alumina/PMMA composites. Flexural strength of composites was measured 
by three-point bending on rectangular beams and fracture toughness R-curves were examined 
by three-point bending on SEB specimens. While single-value linear-elastic parameters based 
on crack initiation, such as KIC, had traditionally been used to quantify toughness but they were 
difficult to represent the multiple extrinsic toughening mechanisms in the nacre-like materials 
[22]. Evaluation of fracture toughness requires nonlinear-elastic fracture mechanics to 
characterize the contributions from inelastic deformation, so the R-curve analysis were 
performed to characterize the fracture toughness associated with crack extension. 
The results of three-point bending tests on µL alumina/PMMA composite materials are shown 
in Fig.4-13. The strength and stiffness of the µL composite materials is strongly dependent on 
the ceramic fraction and thickness of lamellar layers. The stress-strain curves for µL 
alumina/PMMA composites exhibited some degree of plastic deformation prior to failure, 
except for the sample containing 85 vol.% alumina, which displayed a brittle failure (Fig.4-
13a and c). This may be attributed to the difference in their microstructure. 
As can be seen in Fig.4-13, at the same ceramic wall thickness, composites with different 
ceramic fractions showed a similar failure strain (~0.35 %) but different stiffness and strength, 
where higher ceramic fraction results in higher flexural strength and modulus (Fig.4-13b). At 
the ceramic fraction of 72%, the µL composites with different ceramic layer thickness (from 8 
to 40 m) exhibited similar initial stiffness when strain < 0.05 %, but composites with thicker 
ceramic walls of 40 m starts to yield earlier compared to those with thinner ceramic walls. 
Decreasing the ceramic wall thickness leads to a slight improvement in modulus, but flexural 





Fig.4-13 Mechanical testing results of three-point bending on the µL alumina/PMMA 
composite materials including strain-stress curves a) & c) and average flexural strength b) & 
d). Effects of ceramic fraction (at the same wall thickness of 8 µm) a) & b) and ceramic wall 
thickness (at the same ceramic fraction of 72 %) c) & d) on flexural behaviour. CF: ceramic 
fraction, WT: wall thickness. 
 
The R-curves were employed to evaluate the resistance to crack propagation. The loading-
unloading curves were converted to relations between crack extension and fracture toughness 




measurements are ‘valid’ before a = 0.25×b = 0.625 mm (where a is crack length and b is 
uncrack ligament before testing, b=2.5 mm), the results were ‘invalid’ above it. Hence, 
although the crack still propagates stably after this limit, this work will focus on the maximum 
ASTM “valid” toughness value at a=0.625 mm. The R-curves were shown in Fig.4-14a and b 
for composites with different ceramic fractions at the same wall thickness (8 m) and ceramic 
wall thickness at the same ceramic fraction (72 vol.%), respectively.  
 
Fig.4-14 Fracture toughness R-curves of the µL composite materials. Effects of ceramic wall 
thickness (at the same ceramic fraction of 72 vol.%) a) and ceramic fraction (at the same wall 
thickness of 8 µm) b) on R-curves behaviours. CF: ceramic fraction, WT: wall thickness. 
 
Similar to flexural strength, the fracture toughness KJ demonstrates a strong dependence on the 
ceramic wall thickness, where the stress-intensity factor KJ increases with the decrease of 
ceramic wall thickness (Fig.4-14a). When the ceramic wall thickness was 8 µm, most results 
reveal a rising R-curve where fracture toughness KJ increased when crack is extended, at 
a=0.625 mm, the ‘valid’ fracture toughness KJ reached 7.8, 7.2 and 12.5 MPa m
1/2 for 50, 60 
and 72% ceramic fraction, respectively. However, the composite with 85 vol.% alumina failed 




m1/2. This is not unexpected, previous studies showed that the fracture toughness (in energy 
terms) of nacre-like composites decreased when the volume fraction of polymer phase 
decreased because the soft polymer phase allowed more extensive plastic deformation. 
Nevertheless, for the µL composites, there are other competing toughening factors i.e. ceramic 
bridging and sliding.  
The mechanical properties vary when the ceramic wall thickness is changed probably due to 
their microstructure and flaw density. It is known that the mechanical properties are sensitive 
to the size and number of flaws in ceramic phase. On the fracture surface in Fig.4-15, it can be 
seen that, compared to the thicker walls, the composite with thinner ceramic walls contains 
fewer flaws per unit area. Moreover, there is a bigger chance to find large pores within the 
thicker ceramic walls, which explains the negative impact to the strength, modulus, and fracture 
toughness.  
 
Fig.4-15 Fracture surface of µL composite with 40 µm a) and 8 µm b) ceramic wall thickness. 
Larger and more closed pores were observed within the thicker ceramic walls as indicated by 





On the other hand, the thinner ceramic walls can promote the strength and stiffness of nacre-
like composites resulting from compensation of the effect of residue stresses. In polymer-
infiltrated ceramic-based composites materials, residual stresses were produced during 
polymer infiltration and crosslinking. The residual stresses were considered to reduce strength 
of ceramic phase in terms of shear-lag model in Studart’s work [25, 26]. In addition to defect 
reduction and strengthening in the composite with thinner ceramic layers, the microfracture-
accumulating mechanisms may also significantly contribute to the effect of layer thickness on 
fracture toughness [34]. When the ceramic layer thickness was decreased, the amount of 
interface between the ceramic and polymer phases in the composites was increased. This can 
provide significant benefit to fracture toughness by having more micro-delamination, crack 
deflection, layer sliding, and pull-out, leading to more energy dissipation (Fig.4-16). 
Ultimately, the ceramic layer thickness was limited by the freezing rate and alumina particle 
size (∼0.5 µm in the present work), it was found that faster freezing rate and lower solid loading 
may result in thinner ceramic walls [35]. However, it was heavily restricted by the freeze 
casting set-up and achievable sample size. In order to further optimise the microstructure and 
mechanical properties of the µL composite materials, it is worth using sinterable ceramic 
powders with nanoscale particle size or nanoplatelets in future work. This not only stops crack 
penetration through the strong ceramic layers but also diverts crack propagation along soft 






Fig.4-16 SEM micrographs taken during the in situ R-curve measurements of µL 
alumina/PMMA composites (72 vol.%) with different wall thickness: 40 µm a), 20 µm b), 15 
µm c), and 8 µm d). Note that the composites with thinner layer thickness display more ceramic 
layers resulting in more crack deflection hence more energy dissipation. Scale bar: 200 µm. 
 
In the one-step method, not only ceramic fraction, but also the morphology of ceramic scaffolds 
such as ceramic bridges, were directly affected by compression distance during uniaxial 
pressing. In careful examination of the microstructure of µL composites (Fig.4-17), it becomes 
apparent that there is a correlation between ceramic bridges and ceramic fraction. The density 
of bridges, ρb is used to quantify the connections between layers. Fig.4-17i reveals that ρb 




fraction increases from 50 to 85 vol.%. The formation of ceramic bridges is due to asperities 
formed on the sidewalls of ceramic layers during freeze casting, which connect during pressing 
and sintering stages because of their high sintering activity. When the layer distance decreases, 
these asperities are more likely to form bridges.  
 
Fig.4-17 Cross-section SEM micrographs of the µL composites produced from 10% slurry and 
pressed at an increasing compression distance, resulting in different ceramic fractions: 50% 
a), 60% b), 72% c) and 85% d). SEM micrographs taken during the R-curve measurements of 
µL alumina/PMMA composites with different ceramic fraction: 50% e), 60 % f), 72% g), and 
85% h). i) is the plot of density of bridges (number of bridges per m2) vs. ceramic fraction 
where the density of bridges was obtained from image analysis vs. ceramic fraction. Scale bars: 




It is well known that ceramic bridges play a key role in mechanical behaviours of nacre-like 
composites. Previous studies showed that, by introducing ceramic bridges in nacre-like 
composites [25-27], the strength, modulus, and toughness were enhanced concomitantly. The 
first role of ceramic bridges is stress transfer between layers. The stiff alumina bridges readily 
redistribute stresses over the connections between ceramic layers, and ceramic bridge breakage 
may also result in energy dissipation via deformation and fracture. During crack propagation, 
the nacre-like composite (both µL and BM) may lead to two possible fracture scenarios, i.e. 
bridge breakage with crack deflection and layer breakage without crack deflection. There is a 
competition between these two crack propagation paths depending on the relative strength of 
ceramic bridges and layers. If the stress transferred is lower than the bulk strength of ceramic 
layers, fracture requires pull-out of the stiff phase (ceramic) from the soft phase (polymer), 
leading to energy dissipation (Fig.4-17e, f, and g). By contrast, when the transferred stress 
exceeds the strength of the ceramic layers, fracture takes place within the stiff ceramic phase, 
resulting in a catastrophic failure of composites (Fig.4-17h). To quantify the effect of stress 
transfer provided by ceramic bridges in the µL composite materials, ceramic bridge density (ρb) 
between ceramic layers were estimated (Fig.4-17i). When fracture toughness increased from 
7.8 MPa m1/2 (for the 50% Al2O3 composite) to 12.5 MPa m
1/2 (for the 72% Al2O3 composite), 
the ceramic bridge density increased from 8 x108 to 35 x108 m-2, more ceramic bridges provided 
larger energy dissipation during their breakage. On the other hand, when the bridges broke, the 
ceramic layers became disconnected; the bridges lost the efficiency of stress transfer, but the 
broken bridges can still act as asperities on the surface of ceramic walls which could enhance 
the frictional sliding of the individual ceramic layers. Nevertheless, when the ceramic bridges 
density exceeds 35 x108 m-2, the fracture toughness drops down to 5.8 MPa m1/2, meaning that 
the stress transfer surpassed ceramic layer strength, the crack went through the ceramic layers 




sample where fewer ‘weak’ interfaces are present due to the close distance between ceramic 
layers and the formation of strong ceramic bridges. 
Another factor is the frictional sliding between layers, one of the most important toughening 
mechanisms in natural nacre [36] and synthetic nacre-like composite [37]. This could be found 
in the present µL composites comprising >72 vol.% alumina. At a low ceramic fraction (<72 
vol.%), the PMMA polymer phase is thick and separates each ceramic layer, the ceramic is 
rarely allowed to attach to the adjacent layers. In this case, the polymer is also a load-bearing 
phase offering extensive plastic deformation, contributing to the fracture toughness of 
composites. As the ceramic fraction increases, the spacing between ceramic layers reduces, the 
polymer layer becomes relatively thin or discontinued, it starts to act as a non-load-bearing 
lubricant which relieves stresses in the µL composites by offering frictional sliding between 
ceramic layers thereby increasing the crack resistance.  
Consequently, in the composite material containing 50 vol.% ceramic, the compliant phase, 
polymer is load-bearing and allows extensive inelastic deformation. Therefore, the mechanical 
characterisation of toughness illustrates a rising R-curve and a valid KJ of 7.8 MPa m
1/2. When 
the ceramic fraction is increased to 60 vol.%, although extra ceramic bridges are formed, 
resulting in an increased contribution of extrinsic toughening, the fracture toughness KJ is 
slightly reduced because it contains less polymer which leads to inelastic deformation. As the 
ceramic fraction is increased further to 72 vol.%, more ceramic bridges are formed and the 
polymer phase starts to act as a stress-relieving ‘lubricant’, which is the main toughening 
mechanism in natural nacre [34], thus the toughness increases dramatically. However, if there 
are too many ceramic bridges as in the 85 vol.% composite where polymer loses its functions, 
becoming neither lubricant nor load-bearing phase, the composite failures catastrophically at 
the onset of crack initiation, albeit it is the strongest composite in this work. There is a trade-




achieve both high strength and toughness in nacre-like composites. The number of ceramic 
bridges or interfacial asperity between ceramic bricks should be controlled so long as they can 
still maintain the crack deflection along the ‘weak’ interface to have maximum energy 
dissipation. Otherwise, the composites will fracture in a brittle fashion. Therefore, it is possible 
to obtain both strong and tough nacre-like composites through synergistic actions of layered 
microstructure and appropriate interfacial properties such as ceramic bridges or micro-
asperities and interfacial bonding. Theses strengthening and toughening mechanisms were also 
adopted to other nacre-like composites including ceramic/glass [29], hard glassy polymer/soft 
rubbery polymer [38], and graphene/metal or graphene/ceramic/metal [39, 40]. 
4.3.2.2.3 Effect of different types of polymeric compliant phase 
µL alumina scaffolds with 72% ceramic fraction and 8 µm lamellar thickness were grafted by 
silane coupling agent as described in section 4.2.1 before infiltration with four different types 
of polymers to generate µL alumina/polymer composite materials. The strength of pure 
polymers was provided by the manufacturers or literatures (PMMA [41], UDMA/TEGDMA 
[42], Epoxy [43], PU [44]) and the Young’s modulus of polymers were measured via 
ultrasound method. Flexural strength and modulus were examined by three-point bending tests 
on rectangular beams; fracture toughness R-curves were estimated by three-point bending on 






Fig.4-18 Mechanical properties of pure polymers (PMMA, UDMA/TEGDMA, Epoxy, PU) a). 
Flexural strength and modulus b) and R-curves c) of µL alumina/polymer composites with 
different types of polymers. Typical SEM micrographs of cracks during in situ R-curve 
measurements d). Scale bar: 500 µm. 
 
It is clear from Fig.4-18 that the mechanical properties of the µL composites are remarkably 
influenced by the choice of polymer used as the compliant phase. The mechanical responses of 
pure polymer were illustrated in Fig.4-18a, it suggests that the strength of polymer was ranged 
from 50 to 100 MPa and the modulus was ranged from 2 to 6 GPa. The µL alumina/polymer 
composites exhibited various flexural strengths in the range of 120 to 178 MPa. However, the 
modulus of composites keeps steady at approximately 40 GPa for different polymeric 




phase dominated the stiffness of composites. The modulus of pure alumina (386 GPa) is two 
order of magnitude larger than that of pure polymers (2-6 GPa). The ceramic fraction was kept 
constant at 72% in this work hence the modulus did not fluctuate significantly with different 
polymers. 
From the R-curves and SEM micrographs in Fig.4-18c, d, all composite samples exhibited 
typical energy dissipation mechanisms during crack extension, which is necessary to stabilize 
the crack growth and to obtain a rising R-curve. The R-curves reached a range of values of 
fracture toughness KJ from 6 to 11 MPa m
1/2 at ASTM limit (a=0.625 mm) for the µL 
composites with different polymeric compliant phases. As discussed previously, crack 
deflection in these composites is attributed to the nacre-like architecture of ceramic phase. The 
results also reveal that the strength and fracture toughness of µL ceramic/polymer composites 
are positively correlated with the mechanics of the polymers. For example, UDMA/TEGDMA 
and PU are two polymers with similar strength (60 MPa) and modulus (2.3 GPa) as shown in 
Fig.4-18a, their corresponding composites exhibited similar flexural strength (Fig.4-18b) and 
R-curve behaviours (Fig.4-18c). However, when the compliant phase is replaced by a stronger 
and stiffer polymer (epoxy), the flexural strength and fracture toughness (R-curve) is slightly 
improved. Likewise, when the strength and stiffness of compliant phase i.e. PMMA are further 
increased, µL alumina/PMMA composites demonstrate the highest toughness and strength.  
There may be a few possible attributes to the enhanced strength and toughness of nacre-like 
µL composites. On the one hand, as the compliant phase in µL composites, the polymer act as 
a lubricant between ceramic walls, the stronger and stiffer lubricant could produce higher 
friction force during ceramic walls sliding, promoting crack-arresting mechanisms. On the 
other hand, the polymer phase with higher modulus and strength could effectively reduce stress 
concentrations within the µL ceramic scaffolds [2]. The results are in agreement with that 




composites with various polymers were analysed by finite element (FE) model. Therefore, a 
strong and stiff polymeric compliant phase should be considered in designing nacre-like µL 
ceramic/polymer composites at a ceramic content of 72% to improve mechanical strength and 
fracture toughness. 
4.3.2.2.4 Summary of µL composites 
In summary, the mechanical properties of µL composites displayed both high strength and 
fracture toughness. The results have provided crucial information on how changes in the 
microstructure of the µL alumina/PMMA composites can influence their mechanical 
behaviours (Fig.4-19). When the ceramic wall thickness became thinner (from 40 to 8 µm), the 
strength and toughness of the composites increased because the size and density of defects in 
ceramic phase decreased and microfracture-accumulating-mechanism was strengthened. 
Ceramic fraction made positive contribution to the flexural strength, but the fracture toughness 
varies when ceramic fraction is increased from 50 to 85 vol.%, with a maximum toughness at 
72 vol.%. Both intrinsic and extrinsic toughening mechanisms affect the fracture toughness 





Fig.4-19 Mechanical performance map of flexural strength vs. fracture toughness of the µL 
alumina/PMMA composites with different ceramic fractions (CF) and wall thicknesses (WT). 
The blue dash line indicates the increasing in wall thickness and the red dash line represent 
increasing alumina content. 
 
Furthermore, among four different types of polymers with various strength and stiffness, the 
PMMA with the highest value of strength and modulus apparently offers a new stress 
distribution and extrinsic toughening mechanism which result in a better mechanical behaviour 
in µL composites with 72% ceramic fraction. 
4.3.2.3 µL vs. BM composites 
Fig.4-20 showed the cross-section of nacre-like alumina/PMMA composite materials with µL 




the same ceramic fraction (72 vol.%), ceramic wall thickness (15 µm) and multi-layered 
structure with ceramic bridges between layers. However, the µL composite shows a better 
connectivity and more continuous ceramic walls (Fig.4-20a and c) compared to the BM 
composite (Fig.4-20b and d). In the BM composites, the length of ceramic layers is ranged 
from 20 to 690 µm, depending on the processing conditions. While the ceramic layers in the 
µL composites are almost continuous since the lamellar structure created in bi-directional 
freeze casting is well maintained in the one-step method. This will have significant implications 
to their corresponding mechanical properties.  
 
Fig.4-20 SEM images of alumina/PMMA composite materials containing 72 vol.% alumina 
with different architecture: a), c) µL and b), d) BM, produced from the one-step and two-step 





Fig.4-21 Mechanical properties of nacre-like alumina/PMMA composites, both having 72 vol. % 
alumina and 15 µm lamellar thickness but with the µL and BM architecture, respectively. 
Fracture toughness R-curves a), average of flexural strength and fracture toughness KJ (at 
a=0.625) b). 
 
Fig.4-21 showed the comparison of mechanical properties of nacre-like composites with BM 
and µL. As can be seen from Fig.4-21b, the strength and fracture toughness KJ of the µL 
composites are approximately 15% higher than those of the BM composites owing to their 
distinct microstructure. The longer and more continuous ceramic walls in the µL composites 
have larger load-bearing capacity, thereby higher strength. As the R-curves illustrated in Fig.4-
21a, both composites initiate at a similar point at around 4 MPa m1/2 and displayed a rising 
toughness KJ. However, the µL composite shows a steeper slope for crack propagating as it has 
the load-bearing ceramic phase resulting in better capability of resisting crack propagation. 
Notwithstanding, although the crack geometries was varicose, they still show a typical crack 
deflection behaviour from the SEM images taken from surface (Fig.4-22) or the 2D X-ray 
radiographs transmitting the sample (Fig.4-23). This is because that ceramic layers in the µL 




thinner part in each ceramic layer acted as a weak phase leading to crack attraction. 
Furthermore, it is reasonably assumed that the thinner parts of ceramic walls played a role of 
ceramic bridges and offered effective stress transfer between the ‘ceramic bricks.’ In this case, 
stresses will be predominantly transferred through these thinner parts (similar to mineral 
bridges in natural nacre) and redistribute stresses over the entire ceramic layers. Herein, the 
impact of stress transfer is less than the reinforcement effect, therefore the cracks preferred to 
deflect along the interface leading to energy dissipation. Consequently, the presence of certain 
ceramic bridges resulted in an improvement in both strength and fracture toughness, thereby 
the µL composites could be seen as the ceramic-bridges enhanced BM composites. 
 
Fig.4-22 SEM images taken after failure showing the crack propagation behaviour of nacre-
like composite a) BM and b) µL, both composites exhibit similar toughening mechanisms: 






Fig.4-23 2D X-ray radiographs of alumina/PMMA composites taken during fracture toughness 
on compact tension specimens. Scale bars: 250 µm. 
 
The motivation to design and fabricate a novel µL composite is inspired by the microstructure 
of natural nacre (Fig.4-24) which illustrates the assembling of mineral platelets and the narrow 
spacing between platelets filled by a biopolymer. As from the structural characterization of 
nacre, the typical spacing between mineral platelets is only several tens of nm [45]. Therefore, 
to mimic the microstructure of nacre, ceramic bricks in the nacre-like scaffolds should be 
densely packed with narrow gaps surrounded them from all directions. Thereby, this 
microstructure can potentially offer more chances of both frictional sliding and stress transfer, 
resulting in desirable mechanical properties of high strength and high fracture toughness. 
Launey et al. showed that, when applying an extra pressing process i.e. isostatic pressing, at a 
high pressure of 1.4 GPa, they effectively reduced the distance between ceramic layers and 
promoted the formation of inorganic (ceramic) bridges between the bricks after sintering 
resulting in high fracture toughness [6]. In both natural and synthetic nacre-like composites, 




followed by crack bridging in a tough layer [46]. Both experimental results and theoretical 
analysis suggested that the unique heterogeneous architecture in these composites improved 
toughness by creating property variations to slow down crack propagation and prevent crack 
penetration, as well as guiding cracks along weak interfaces to promote progressive damage 
[12].  
 
Fig.4-24 SEM micrograph of natural nacre. Scale bars: 250 µm. 
 
4.4 Conclusions 
In summary, nacre-like ceramic/polymer composite materials were fabricated via infiltrating 
different polymers (PMMA, UDMA/TEGDMA, epoxy resin, PU) into as-prepared nacre-like 
ceramic scaffolds. Composites were generated with different manufacturing parameters 
including sintering temperature, silanization, binder content, solid loading of slurries, 
compressive distance, selection of different polymer, and densification methods. Those 
parameters enabled us to fabricate composites with two distinct architectures (BM and µL) 
with variable ceramic fractions (50-85%), ceramic wall length (250-2500 µm) and ceramic 




Mechanical analysis with in situ observation demonstrated that it was possible to achieve a 
combination of good mechanical properties by the adjustment of microstructure of composites 
through the control of manufacturing parameters. It was revealed that the nacre-like 
ceramic/polymer composites with increasing crack resistance showed both intrinsic toughening 
mechanisms of plastic deformation in the polymer phase and extrinsic toughening mechanisms 
of ceramic layer pull-out, crack bridging, crack deflection and ceramic bridging [25]. For 
instance, first-step sintering temperature manipulated the ceramic fraction and microstructure 
resulting in BM composites with different amount of polymer and ceramic bridges. Silanization 
was shown to enhance the interface and reduce defects to resist layer pull-out. Higher binder 
content resulted in µL composites with longer ceramic walls, leading to better stress-transfer 
and improved crack resistance. Finer ceramic walls exhibited fewer defects and more ceramic 
layers, leading to higher crack resistance and more deflection behaviours. Higher ceramic 
fraction resulted in more ceramic bridges and higher frictions between layer-sliding, offering 
higher dissipating energy during crack propagation. However, when the ceramic fraction was 
above a threshold, i.e. >85 vol.%, ceramic bridges became predominant with diminished 
polymer phase alongside their unique deformation and crack deflection mechanisms, the µL 
alumina/PMMA composites displayed a brittle fracture behaviour, the nacre-like architectures 
lost its main function. When the PMMA was substituted with other polymers, µL 
alumina/polymer composites (at 72% ceramic fraction) still maintained the crack deflection. 
However, the mechanical strength and toughness of composites were dependent on polymers. 
Those with lower stiffness and strength such as PU and UDMA/TEGDMA significantly 
decreased the strength and toughness of composites. Finally, alumina/PMMA composites with 
the same ceramic fraction (72%) and wall thickness (15 µm) but with different architectures 
(µL and BM) were compared. Both µL and BM composites displayed rising R-curves because 




toughness (KJC) were different owing to their difference in architecture. The BM composites 
fabricated by a two-step densification method had shorter bricks in each ceramic layer. 
Nevertheless, the µL composites fabricated by the one-step densification method exhibited a 
better structural integrity, leading to superior mechanical properties due to their better load-
bearing and stress-distributing capacity. The most novel aspect of the one-step densification 
method developed in this work was that it was possible to produce the µL scaffolds with short 
inter-layer distance and even bridges to connect the ceramic bricks in continuous ceramic layers 
without the use of isostatic pressing at a high pressure and additional sintering stages. The 
performance results also clearly revealed that µL composites possessed distinct advantages 
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Chapter 5  
Nacre-like ceramic/metal composites 
5.1 Introduction 
Nacre-like ceramic-based composites with micro-layered (µL) scaffolds infiltrated by a 
relatively soft compliant phase are projected to increase their strength and toughness. In 
Chapter 4, nacre-like ceramic/polymer composites exhibiting exceptional mechanical 
properties were achieved through careful manipulation of microstructure, architecture, and 
composition in order to imitate the specific features with the unique properties of nacre. 
Accordingly, the ceramic-based composites can also be strengthened and toughened when the 
polymeric compliant phase was replaced by a stronger and tougher metallic phase [1]. This 
chapter involves metal infiltration into µL ceramic scaffolds as a compliant phase to create the 
nacre-like ceramic/metal composite materials. Aluminium and magnesium alloys are widely 
used metal materials which are lightweight, strong, tough, corrosion resistant, as well as 
thermally and electrically conductive. Two types of alloys were used to represent aluminium 
alloy (5083) and magnesium alloy (AZ31) as their major components are Al and Mg, 
respectively. Two main composite systems were investigated i.e. alumina/aluminium and 
hydroxyapatite (HA)/magnesium. 
Composites of ceramic/aluminium are normally produced by powder metallurgy and molten 
metal routes. However, using these methods, it is difficult to generate composites with complex 
architectures. To obtain structural ceramic/aluminium composites, ceramic scaffolds with a 
lamellar structure have been employed by pressure-assisted infiltration with molten alloys [2-
4]. Nevertheless, the ceramic fraction of composites was limited (below 40%). In order to 




40%), the pressure applied for infiltration needs to be dramatically increased, which may 
deform or break the ceramic scaffolds during infiltration [5, 6]. Hence, the Lanxide process 
was developed to infiltrate metal into ceramic preform without external pressure and the 
resultant composite inherited the structure of the preform [7]. This technique is cost-effective 
as the infiltration process is driven by capillarity forces with the complete absence of external 
pressure. Therefore, types of ceramic and metal used are restricted depending on the wettability 
of ceramic to metal phases which plays a key role in this process. For example, it was reported 
by Rao et al. that alumina scaffolds could be infiltrated with alloy containing both aluminium 
and magnesium [8], because Mg in the aluminium alloy decreased the surface tension of molten 
aluminium alloy at high temperatures, resulting in improvement of wettability between alumina 
and aluminium alloy [8-10]. Use of nitrogen atmosphere in the process was also recommended 
to further improve the wettability [8]. For the preparation of alumina/aluminium composite 
materials here, Lanxide process was used which involves infiltration of aluminium alloy (5083) 
into alumina scaffolds with nacre-like µL architectures. After the completion of infiltration 
process, composite materials were tested for mechanical response with the ceramic fraction 
from 18% to 72%. 
The second objective is to fabricate nacre-like biodegradable HA/magnesium implant materials 
using pressureless infiltration. Recent studies indicate that there is a high demand of 
biodegradable implants as orthopaedic biomaterials to eliminate the follow-up surgery of 
implants after bone healing [11]. The main features of the orthopaedic implant materials are 
not only to provide complete set of mechanical properties to support body structure but also to 
make it biocompatible with human tissues. Titanium-based alloys have been used as 
orthopaedic implant materials for many years because of their exceptional mechanical 
properties, biocompatibility, and corrosion resistance. Along with various advantages these 




Young’s modulus of 110 GPa) compared to human bone (20-30 GPa) therefore they show 
stress shielding effect to weaken or even damaging surrounding bone [12, 13]. Titanium alloy 
can also release toxic cations into blood which may lead to permanent physical irritation 
chronic inflammatory and impair human body's health [14]. Additionally, titanium implants 
are not biodegradable. They need to be removed after the bone healing process, especially for 
young patients. In order to address these problems, biodegradable implant materials with bone-
matching stiffness are desirable. However, polymer-based biodegradable implants exhibited 
poor mechanical performances which restrict their uses for load-bearing implant applications 
[15, 16]. Mg-based materials were investigated as biodegradable implant materials because Mg 
has a lower Young’s modulus (about 45 GPa) which is closer to that of bone than titanium, and 
can be gradually dissolved, absorbed and consumed at implanting location [17, 18] whereas 
Mg2+ cations released are not only harmless, but also accelerate the healing of bone tissues [19-
21]. Recently, use of Mg alloys [22] as bone implants has shown a significant progress. Along 
with numerous positive aspects of these materials, rapid degradation of Mg and its alloy 
implant materials inside the human body is still a major obstacle hampering their use in the 
clinic. Fast degradation of Mg metal and its alloy will cause alkalization and hydrogen gas 
evolution which will affect local blood flow [23] and delay bone tissue integration [24]. To 
reduce the degradation rate of Mg, HA was considered to composed with magnesium. HA, as 
a natural bone constituent, is a bioactive ceramic material with excellent biocompatibility with 
human bone [25, 26]. HA can further promote the adhesion and differentiation to bone cells 
because of its excellent osteoconductive and osteoinductive properties [27, 28]. Pure HA 
material is not suitable to be used directly as load-bearing implants because it exhibited poor 
mechanical properties with low strength and toughness [29]. As a result, HA/magnesium 
composite was considered to be used as a promising biodegradable implant material as it can 




were developed to improve the corrosive resistance [30], mechanical performance [31, 32] and 
degradation behaviour [33]. HA was also coated on implanted materials as a protective layer 
via a number of techniques including electrochemical deposition, sol-gel processing, spray and 
laser techniques [34-37]. However, in many cases, the coated samples exhibited undesired 
corrosion resistance, typically due to crack formation or poorly controlled morphologies of the 
HA coating layer [38]. Apart from coating, HA/magnesium composites were fabricated by 
extrusion of HA and Mg powders at 300-500 ℃ [39-42] or compaction-sintering process of 
powders [43, 44] where HA particles acted as the reinforcement phase dispersed within the Mg 
matrix. Nevertheless, the structural integrity of HA/Mg composites could not be retained after 
the degradation of Mg matrix. To prepare composites with biomimetic architecture, pressure-
assisted infiltration was used to fabricate HA/magnesium composites with 3D HA network 
structure [45]. The molten magnesium alloy was infiltrated into 3D HA preforms with larger 
pores (500 µm), under 4-5 MPa pressure for a short duration (5 s), care was needed to preserve 
the porous structure of the HA preforms [45]. The resultant composites exhibited improved 
mechanical properties compared with the HA scaffolds alone.  
In this work, the HA/magnesium composites with nacre-like µL architecture were prepared by 
pressureless infiltration of Mg alloy into nacre-like HA scaffolds in order to obtain 
biodegradable implant materials with good strength and toughness. However, from the 
previous studies, HA had a poor wettability with molten Mg which also reacted rapidly to 
produce MgO [46, 47] which might further prevent the Mg infiltration [48]. This reactivity 
problem indicated that the HA/magnesium composites were difficult to be prepared by 
pressureless infiltration of Mg directly into HA scaffolds. Interfacial modification was needed 
to improve the wettability which enabled pressureless infiltration between the alloy and 
ceramic phase [5]. Silica was introduced as a coating to promote the wettability of silicon 




was adopted in this work. The µL HA scaffolds were coated with silica and then pressurelessly 
infiltrated with molten Mg alloy. The microstructure and composition of HA/magnesium 
composites were characterized. The mechanical responses were evaluated and compared with 
cortical bones and other implant materials. 
5.2 Materials and method 
5.2.1 Surface modification by silica suspension 
A colloidal silica, Ludox (AS-30, Grace, UK) was utilized to form silica coating on HA 
scaffolds. Ludox is a 30% aqueous dispersion of colloidal silica with a particle size of 12 nm. 
It was commonly used to produce silica coating on ceramic surface to modify the chemical and 
mechanical properties of materials [52]. In this work, the HA scaffolds with µL architectures 
prepared by bi-directional freeze casting (Chapter 3) were modified and coated with silica 
nanoparticles. The HA scaffolds were infiltrated with Ludox in a vacuum casting impregnation 
system (Cast N` Vac 1000, Buehler, US). The container of HA scaffolds/Ludox was sealed to 
avoid solvent evaporation and then transferred at a dry, cool place for 12 hours allowing the 
silica nanoparticles uniformly diffuse into the scaffolds. Next, the HA scaffolds were dried and 
calcined at 600 ℃ for 12 hours in a Muffle furnace where the silica nanoparticles were fused 
mutually into coatings on the surface of HA scaffolds. 
5.2.2 Pressureless infiltration 
The as-prepared uncoated or coated HA scaffolds were then infiltrated with molten metals via 
a pressureless process. The infiltration was carried out in a tubular furnace as shown in Section 
2.2.6. Here, two different alloys were used: aluminium alloy (5083) and magnesium alloy 
(AZ31). The preparation of different material systems requires different atmosphere, 
temperature, and reaction time as shown in Table 5-1. Prior to heating up, the tubular furnace 




heated to 400 ℃ at a heating rate of 10 ℃/min then the temperature was held for 60 min 
allowing the reaction of getter and oxygen to reduce the possibility to form metal oxide on the 
surface of infiltrating metal (see Fig.2-8), which has negative impact to infiltration. The tubular 
furnace was then heated to infiltrating temperature and held for up to 180 min to complete the 
infiltration. Prior to opening the tubular furnace and collecting samples, the protective gas 
flowing was maintained until the tubular furnace was cooled down below 150 ℃.  
Composite Alumina/aluminium HA/magnesium 
Ceramic µL Alumina µL HA 















Table 5-1 The experimental conditions of pressureless infiltration for different composites. 
 
Before further microstructure and mechanical characterizations, samples were grinded using 
SiC sandpaper from #80 to #2000 finishing and polished using a cloth disk (MD-Nap, Struers, 




5.2.3 Microstructural characterization 
The microstructure of materials was characterised by scanning electron microscope (SEM, 
Quanta 200F, FEI, US). The composition and elemental distribution were evaluated by X-ray 
diffraction (XRD, Bruker D8 Advance, US) and energy-dispersive X-ray spectroscopy (EDS, 
Jeol IT300, US).  
5.2.4 Mechanical characterization 
Compressive strength of composites was measured by compression tests on the rectangular 
specimens of 2 mm×2 mm×3 mm. Flexural strength of composites was evaluated by three-
point bending on the rectangular beams with size of 1.5 mm×2 mm×25 mm (span=12.5 mm). 
Fracture toughness KIC and R-curves were measured by three-point bending tests on single-
edge notched bending (SEB) specimens with 1.5 mm×3 mm×20 mm (span=12.5 mm) and 2 
mm×4 mm×20 mm (span=16 mm), respectively. In situ micro-CT (X-ray synchrotron, 
Advanced light source, Berkeley, US) was utilized to monitor the crack propagation during 
fracture toughness testing. The loading direction was perpendicular to the layers of µL 
architecture. The crack propagation length was estimated from 3D micro-CT tomography 
images reconstructed using Avizo as shown in Fig.5-1. Firstly, the 2D profile of cracks was 
obtained via slicing the 3D tomography along the crack direction into around ~610 images (3 
µm in distance per images). The first and last 30 images (~0.1 mm in distance) near the surface 
were excluded. Then the crack length was taken every 50 images (~0.15 mm in distance). The 






Fig.5-1 Estimation of crack length from a 3D tomography. 
 
5.3 Results and discussion 
5.3.1 Alumina/aluminium 
Alumina/aluminium composites were prepared via pressureless infiltration of molten 
aluminium alloy (5083) into alumina scaffolds. According to 3.3.3, µL alumina scaffolds were 
produced with different ceramic fractions (18%, 50%, and 72%) by altering the compressive 




5.3.1.1 Microstructure and compositions 
Fig.5-2a, b, and c demonstrated the microstructure of µL alumina/aluminium composites with 
various ceramic fractions. It can be seen that aluminium alloy infiltrated into ceramic scaffolds 
without damaging the µL architecture of scaffolds for all three samples but with various 
degrees of defects. As reported before, pressureless infiltration of aluminium alloy was 
dependent on the reactions between Mg, N2, and Al [8-10]. The Mg in the alloy partially 
evaporated and reacted with N2 to form a layer of Mg3N2 (5.1) on the surface of ceramic 
scaffolds. This Mg3N2 layer then reacted with the molten Al through a replacement reaction 
producing metal Mg and AlN (5.2). 
3Mg + N2 = Mg3N2  
Mg3N2 + 2Al = 3Mg + 2AlN 
(5.1) 
(5.2) 
The metal Mg participated in cycling reaction with N2 (5.1) [8] and the produced AlN layer has 
better wettability with the molten Al.  
Combining (5.1) and (5.2):
2Al + N2 = 2AlN (5.3) 
where the Mg acted as a catalyst in (5.3). 
Fig.5-2 showed that composites with higher ceramic fraction have relatively more and larger 
defects at the interface. This was probably because of the different extent of reactions (5.1 & 
5.2) during the infiltration of molten metal to ceramic scaffolds and formation of metal oxide 
during infiltration. Obviously, higher ceramic fraction meant narrower spacings between 
ceramic microlayers and smaller surface areas of molten aluminium alloy front exposed to N2 
in the ceramic scaffolds. The chances of N2 to react with molten Al to form AlN were thus 
lower (5.3), which was less likely to improve the wetting and facilitate the Al infiltration. 
Besides, narrower spacings and smaller pores in scaffolds also meant that it was more difficult 




pressureless infiltration. In the following infiltration process, there was a higher possibility to 
form metal oxide by reacting with adsorbed air. The as-generated aluminium oxide on the 
surface of the molten aluminium alloy front was likely to prevent infiltration process. Hence, 
at higher ceramic fractions, the obtained composites produced more defects and larger flaws at 
the interface due to relatively poorer wettability and formation of metal oxide. This was also 
reflected in the measured densities of composites (Fig.5-2d). The difference between the real 
and theoretical densities of composites is more pronounced due to increased porosity in 
composites when the ceramic fraction increases. The theoretical density was calculated through 
RoM and the real density was measured by Archimedes methods. 
 
Fig.5-2 SEM micrographs show the microstructure and defects distribution in 
alumina/aluminium composites (without silica-coating process) with ceramic fraction of 18% 
a), 50% b), and 72% c). The theoretical densities was compared with real density d). Scale 




Because the alumina was chemically stable at the infiltrating temperature (950 ℃) [53], there 
should be no obvious changes in the composition of ceramic phase. However, the EDS results 
indicated that there were some Fe, Cr and Mn precipitates in the metal phase, apart from Al, C, 





Fig.5-3 SEM microstructures a), elemental weight ratio spectrum b), and elemental 
distribution maps for all c) and individual elements d-k) of µL alumina/aluminium composites 





The SEM image in Fig.5-3a showed the microstructure and area for elemental analysis of 
alumina/aluminium composite. Obviously, the metal phase in the composite consists of two 
different phase-regions exhibiting various contrast in the SEM images i.e. primary phase 
(darker) and secondary phase (brighter). Fig.5-3b depicted an EDS spectrum acquired from the 
same area as the SEM image which revealed the existence and weight fraction of major 
elements including Al, C, O, Mg, Fe, Mn, N, and Cr. The distribution of those elements (Fig.5-
3d-k) in this area is illustrated as EDS elemental maps, and all images are assembled in Fig.5-
3c. 
Elemental maps of Al and O are presented Fig.5-3d and f, respectively. It can be seen that Al 
is presented in both ceramic and metal phases, the metal phase exhibited higher weight ratio of 
Al since aluminium accounts for over 93% in the 5083 alloy. The O-rich area assigns to the 
alumina phase. C is evenly distributed in all area of the composite (Fig.5-3e). This suggests 
that the signals of C may be from the diamond nanoparticles trapped in relatively soft metal 
phase during polishing process using diamond suspension. Mg, the minor component of 5830 
alloy (~5%), is uniformly distributed in the metal phase. The metal Mg played a significant 
role in the pressureless infiltration of aluminium alloy (5083) in N2 atmosphere as shown in 
(5.1) and (5.2) where AlN was formed to promote wettability between ceramic and molten 
metal. The existence of AlN is confirmed by elemental map of N in Fig.5-3i. The other heavier 
metallic elements, such as Mn, Fe, and Cr enriches in the brighter phase (secondary phase) as 
presented in Fig.5-3a (highlighted by the red arrows). The secondary phase associated with 
heavier elements is known as the precipitate cluster, which is the pre-existing phase in the Al 








5.3.1.2 Mechanical properties 
 
Fig.5-4 Mechanical properties of µL alumina/aluminium composites with different ceramic 
fraction ranging from 18% to 72%: flexural strength and flexural modulus a), strain-stress 
curves b), and fracture toughness R-curve c).  
 
The mechanical properties of the µL alumina/aluminium composites were markedly related to 
the ceramic fraction as shown in Fig.5-4. The flexural strength decreased from 596 MPa to 369 
MPa as the ceramic fraction was increased from 18% to 72%. The flexural modulus of 
composites reached 51 GPa at 18% ceramic fraction. When the volume fraction of alumina was 
increased, the flexural modulus was increased to 207 GPa at 50% but dropped to 151 GPa at 
72%. According to the strain-stress curves (Fig.5-4b) obtained from three-point bending tests, 




achieved ca. 1.8% at ultimate stress. The other two composites with higher ceramic fractions 
displayed a catastrophic fracture at the strain of ca. 0.25%. Furthermore, from the fracture 
toughness testing (Fig.5-4c), it was clear that only the composite with 18% ceramic fraction 
exhibited a rising R-curve and the fracture toughness KJ reached approximately 16 MPa m
1/2 
at the ASTM limit (crack extension=0.5 mm). However, the crack could be further extended to 
1.7 mm achieving a higher value of fracture toughness, KJ ≈ 50 MPa m
1/2. In this case, the µL 
alumina scaffold was an additional phase in composites to reinforce the Al metal. Samples with 
ceramic fraction of 72% and 50% displayed flat R-curves with the values of KIC being 12.6 
MPa m1/2 and 7.8 MPa m1/2, respectively. Incomplete wetting/infiltration and resultant presence 
of defects within the composites with higher ceramic fractions are believed to attribute to their 
deteriorated mechanical properties. 
5.3.1.3 X-ray tomography of crack propagation 
In this work, the X-ray used to characterise alumina/aluminium composites was provided by 
synchrotron which is an extremely powerful source of X-ray. Therefore, images were produced 
with higher contrast and less noise. In contrast to the instantaneous cracking of composites with 
relatively high ceramic fractions (>50%), the composite with a lower ceramic fraction of 18% 
displayed stable crack propagation and rising crack resistance with the crack advancing. The 
crack in this composite was observed using X-ray micro-CT and the results were reconstructed 
into 2D profile and 3D tomography images as shown in Fig.5-5. The crack paths clearly 
showed a remarkable efficiency of the composite structure in resisting crack propagation. On 
many occasions, from top to bottom, typical extrinsic toughening mechanisms could be found 
in the 2D reconstructed crack profile including pull-out, crack bridging, multiple cracking 
(Fig.5-5a). Moreover, as shown in the perspective view with varying rotations (Fig.5-5c to e), 
the composite displayed a complex cracking profile in 3D space with the cracking paths 




(anticlockwise 60º) directions. The crack consisted of multiple disconnected voids due to the 
crack bridging effects among the specimens in the perspective view. Apparently, the crack 
bridging connected uncrack ligament on the direction not only along (Fig.5-5c) but also 
perpendicular to (Fig.5-5d, and e) crack. 
 
Fig.5-5 Images of crack propagation taken using in situ micro-CT fracture toughness tests on 
µL alumina/aluminium composite with 18% ceramic content at load of 147N. Micro-CT 2D 
images of crack profile were taken from top, mid, and bottom a); the corresponding 3D 
reconstruction of damaged specimen b). The 3D perspective view of cracking profile was 
obtained by filtering out the signals from solids c), which is then rotated both in-plane d) and 
out-of-plane e) directions. Scale bar: 500 µm. 
 
Moreover, it was possible to observe that the crack area was not homogenously distributed 




at different positions. Here, crack length was measured in terms of the position of crack tips. 
Compared with the typical crack evaluation method using in situ SEM or optical microscope, 
the in situ micro-CT exhibited great potential to estimate the crack length. This method could 
obtain more information of crack inside the specimen which not only provided chance to 
observe toughening mechanisms (e.g. crack bridging) in multiple direction but eliminated 
border effects during crack length estimation. The border effect may cause error on 
measurements of the crack length and then fracture toughness KJ.  
Although the in situ micro-CT provided more information inside materials, there were still 
challenges for this technique to compare with typical in situ SEM technique. Firstly, the choice 
of material was limited, X-ray was hard to transmit through materials with high attenuation 
coefficient (e.g. zirconia) to obtain clear images. The scanning speed of micro-CT (~1 min per 
image) was relatively slower than that of SEM (~500 ms per image) which meant videos could 
not be taken during mechanical testing however the samples could be scanned when the testing 
was paused or finished. Finally, the resolution of micro-CT (300 nm per pixel in this work) 
was much lower than that of SEM (normally 0.1-10 nm per pixel [56]), which may result in 
loss of details at nano- even micro-scale.  
5.3.1.4 Toughening mechanisms 
It can be seen from Fig.5-4 that the µL alumina/aluminium composites with higher ceramic 
fractions of 50 and 72% resulted in flat R-curves due to their diminishing toughening 
mechanisms of crack bridging and multiple cracking. In the layered composites, the parameters 
that mostly control the mechanical performance are constituent mechanics and ceramic fraction. 
As the analyses on 3D and 2D images obtained using micro-CT, the main toughening 
mechanisms for µL composites are crack bridging, multiple cracking, and pull-out, which 
appeared only in composites with lower ceramic fraction (18%). According to computer 




stiffness and strength of nacre-like composites, but it was detrimental to crack bridging [1, 57, 
58]. This result in accord with the fact associated to the µL composites here. In this work, the 
aspect ratio is fixed at a large value because the µL architecture naturally has ultralong ceramic 
layers, when the ceramic fraction > 50%, the crack bridging was eliminated. Apart from crack 
bridging, multiple cracking always presented when the ratio of layer thickness between ceramic 
and compliant phase above a critical value [59, 60]. Based on the modelling of a ceramic/metal 
system, Huang et al. [61] predicted that the metal layer should be more than 2.5 times thicker 
than the ceramic layer when the multiple cracking occurred. The model has also been applied 
to a layered alumina/aluminium composite by Ferraro et al. [54]. In present work, the µL 
composites with 18% ceramic fraction obtained metal/ceramic wall thickness ratio of ~4.5. 
When the ceramic fraction was increased from 50% to 72%, the wall thickness ratio was 
reduced from 1 to 0.39, respectively. The pull-out phenomenon was one of outcomes of 
multiple cracking. However, the critical ratio of thickness was determined by the mechanics of 
ceramic and compliant phase [59, 60], this was why the ceramic/polymer composites 
investigated in Chapter 4 still displayed these toughening mechanises when the ceramic 
fractions were > 50%. Moreover, as discussed previously in section 5.3.1.1, composites had 
more defects at high ceramic fractions which further reduced the capacity to resistant crack 
extension as well as fracture toughness.  
5.3.1.5 Summary of alumina/aluminium composites 
To conclude, µL alumina/aluminium composites were prepared via pressureless infiltration. 
The composites with various ceramic fraction displayed different microstructure, densities, 
strength, stiffness, and fracture behaviours. The pressureless infiltration was difficult to 
complete at high ceramic fractions producing defects at the interface, which had negative 
impact on mechanical performance of resultant composites. The micro-CT demonstrated a 




the composite with 18% ceramic fraction exhibited the typical the toughening mechanisms of 
nacre-like composites because of defects, long ceramic wall, and low thickness ratio.  
5.3.2 HA/magnesium 
HA scaffolds were prepared via freezing 10% HA slurries under bi-directional cold filed at a 
cooling rate of 40 ℃/min. The as-obtained HA scaffolds were coated by silica and then 
infiltrated with magnesium alloy (AZ31) to prepare HA/magnesium composites. 
5.3.2.1 Silica coating on HA scaffolds 
 
Fig.5-6 Fracture surface of silica-coated HA scaffold.  
 
The silica-coated HA scaffolds were observed using SEM. As illustrated in Fig.5-6, SEM 
images revealed two different phases on the fractured surface of silica-coated HA scaffolds i.e. 
HA and silica. While the HA phase exhibited the typical grain structures of sintered ceramic, 
the silica phase displayed integral structures with multiple cracks. It can be seen that colloidal 
silica nanoparticles were fused together as silica layers or lump in the HA scaffold with a 






5.3.2.2 Pressureless infiltration of HA scaffolds with Mg  
Silica coated HA scaffolds were infiltrated with AZ31 Mg alloy without external pressure at 
two different infiltrating temperatures (650 ℃ and 750 ℃) for different time (10-60 min) since 
the melting temperature of AZ31 was reported to be from 605 to 630 ℃ [62].   
 
Table 5-2 Reactivity and outcome of pressureless infiltration of AZ31 into silica-coated HA 
scaffolds at various temperature and time.  
 
Table 5-2 lists the HA/Mg products after pressureless infiltration process. It can be seen that 
the silica-coated HA scaffolds were infiltrated with AZ31. However, their reactivity and 
infiltration ability were strongly dependent on temperature and duration. This indicated that the 
silica coating was the key to promote wetting and pressureless infiltration of AZ31 into HA 
scaffolds.  
At the high temperature of 750 ℃, violent reactions occurred between HA and Mg, the silica 
coating facilitated infiltration but was unable to prevent such violent reactions. The resultant 
composites were severely distorted, even at a short duration of 10 min. However, at relatively 
low temperature of 650 ℃, the infiltration was possible without violent reactions at suitable 
duration (20-30 min). When the infiltrating time was too short (i.e.10 min), there seemed to be 




too long (i.e. 60 min), severe reactions between HA and Mg were observed again. To 
investigate the pressureless infiltration process and possible interactions between silica-coated 
HA and Mg, nacre-like HA/magnesium composites prepared at 650 ℃ for two different 
infiltration time (20 and 30 min) were characterised by SEM, EDS, and XRD. The mechanical 
responses (strength, modulus, and fracture toughness) of both composites were investigated. 
5.3.2.3 Microstructure and composition of HA/magnesium composites 
 
Fig.5-7 SEM images of HA/magnesium composites obtained from infiltration at 650 ℃ for 20 
min a) and 30 min b). Scale bars: 100 µm 
 
Fig.5-7 showed the microstructure of HA/magnesium composites. It can be seen that, in both 
composites, the ceramic scaffolds maintained the µL HA architecture after infiltration of 
molten Mg metal. In the Mg metal phase (light regime), some irregular new phases were 
generated. By contrast, composites with longer infiltration time (30 min) exhibited more pores 
and delamination, especially at the interface. The phase and composition of constituents were 





Fig.5-8 EDS elemental mapping and SEM surface morphologies of HA/magnesium composites 
obtained from infiltration at 650 ℃ for 20 min. 
 
 
Fig.5-9 EDS elemental mapping and SEM surface morphologies of HA/magnesium composites 




As can be seen from the EDS mapping and SEM images in Fig.5-8 and Fig.5-9, it is apparent 
that, at infiltrating temperature of 650 ℃, composites show different composition. Obviously, 
the ceramic phase of HA was indicated by the regime 1 (red) in the SEM images, the layered 
structure was maintained fairly. However, the composition of HA was changed after 
pressureless infiltration process. Specifically, except for the main elements of HA (Ca, P, and 
O), additionally Mg was also observed in ceramic phase. The metal phase (Mg) was still present 
in the composites at the Mg-only position pointed out by regime 2 (yellow). Apart from metal 
and ceramic phases, another two different irregular lump phases were discontinuously 
distributed in the metal phase. The two new phases were composed of Ca/Si/O, and Mg/Si as 
illustrated in SEM images at regime 3 (while) and 4 (green), respectively. For instance, in the 
sample prepared at 20-min of infiltration (Fig.5-8), both of irregular lump phases embedded in 
the metal phase. In the sample processed at 30 min of infiltration (Fig.5-9), only one new phase 





Fig.5-10 X-ray powder diffraction patterns of HA/magnesium composites infiltration at 650 ℃ 
for 30 min a) and 20 min b) and raw materials of silica-coated HA c) and AZ31 d). 
 
The composite materials of HA/magnesium and their raw materials were identified by powder 
XRD. Herein, all samples were grinded into fine powder before the characterisation using an 
XRD diffractometer. The spectra of powder XRD were obtained in the range of 10-80° (2 Theta) 
with a step time of 0.5 s and a step size of 0.02°. The powder XRD diffractometer was operated 




All XRD patterns exhibited sharp peaks which suggests a good crystallinity in all composites 
and raw materials. The diffraction patterns of silica-coated HA scaffolds (Fig.5-10c) are in 
good agreement with the JCPDS (09-0432) of HA powder, indicating that the silica coating is 
mostly amorphous and has no effect on the crystallinity of HA. In the XRD spectrum of AZ31 
(Fig.5-10d), the main characteristic peaks of Mg were observed. The AZ31 contains 
approximately 97% Mg and 3% Al. Sunil et al. [63] pointed out that, in AZ31 alloy, the Al was 
presented as the format of Mg12Al12 which is usually invisible in XRD spectrum of AZ31 
because of its low content. Fig.5-10a and b identified the phases in the µL HA/magnesium 
composite materials infiltrated at 650 ℃ for 30 and 20 min, respectively. The XRD patterns 
verified the presence of AZ31, HA, Mg-substituted HA and other two phases. Comparing with 
XRD spectra of silica-coated HA (Fig.5-10c) and AZ31 (Fig.5-10d), both composite materials 
exhibited dominant peaks of Mg and HA indicating the presence of AZ31 and HA. However, 
the characteristic peaks of HA are overlapped with Mg-substituted HA. From previous studies, 
Mg can enter the HA lattice resulting in no changes in the crystallinity with a similar XRD 
pattern as HA [64, 65]. From the EDS results, the ceramic phase consisted of not only Ca, P, 
and O but also Mg. Thus, Ca in HA ceramic phase was partially substituted by Mg during 
infiltration and the ceramic phase was converted to MgxCa(10-x)(PO₄)₆(OH)₂ where 0<x<10. 
Besides Mg-substituted HA and Mg, new interfacial compositions were formed during 
reactions between HA, silica and AZ31. In addition, the EDS and XRD analysis also identified 
the formation of new phases i.e. Mg2Si and CaSiO3. All these peaks were present in the XRD 
pattern of composite processed at 650°C for 20 min. However, the peaks intensity of Mg2Si in 
the XRD pattern was significantly weakened and Mg2Si was also absent in the EDS mapping 






5.3.2.4 Interfacial reactions 
In ceramic/metal composites showing reactive wetting, the interfacial compositions were 
affected by the chemical reactions occurred at interface between Mg metal and ceramic (silica 
coated HA). There were three stages of interfacial reactions during Mg infiltration at 650 ℃.  
Stage one: when the molten Mg contacted with the silica on HA scaffolds, the following 
reactions occurred:  
2Mg + SiO2 = 2MgO + Si 
2Mg + Si = Mg2Si 
(5.4) 
(5.5) 
Combining the two equations above: 
4Mg + SiO2 = 2MgO + Mg2Si  (5.6) 
In this stage, Mg reacted with SiO2 and produced two new materials i.e. MgO and Mg2Si. This 
reaction (5.6) was reported by Shi et al. [66]. The Mg2Si generated in this stage played an 
essential role in promoting the wetting of magnesium alloy with silica-coated HA and then 
drove the pressureless infiltration. Furthermore, the as-obtained products from stage one, MgO 
and Mg2Si participated more reactions in the Stage two and Stage three, respectively. 
Stage two: MgO formed in stage one reacted with HA (Ca₁₀(PO₄)₆(OH)₂) as the following 
reactions:  
xMgO+ Ca₁₀(PO₄)₆(OH)₂ = xCaO+ MgxCa(10-x)(PO₄)₆(OH)₂                                               (5.7) 
CaO + SiO2 = CaSiO3                                                                                               (5.8) 
Combining the two equations above: 
Ca₁₀(PO₄)₆(OH)₂ + xMgO + xSiO2 = xCaSiO3 + MgxCa(10-x)(PO₄)₆(OH)₂                           (5.9) 
HA was converted into MgxCa(10-x)(PO₄)₆(OH)₂ during the stage two (5.9). Here, MgO played 
the source of Mg2+ which was incorporated in the HA structure via replacement between Mg2+ 
and Ca2+. The reason of this replacement reaction was that the Ca2+ vacancy site in HA was 




Mg2+/Ca2+ replacement reactions have been suggested in other studies such as HA/AZ31 in 
acid [67], HA/magnesium nitrate solution [68, 69], HA/magnesium chloride solution [70]. The 
calcium silicate (CaSiO3) was formed by reaction between CaO and SiO2 [71]. 
Stage three: Mg2Si reacted with HA as the following reactions:  
Ca10 (PO₄)₆(OH)₂ = H2O + Ca10(PO₄)₆O                                     (5.10) 
Mg2Si+ 2H2O = 2MgO+SiH4 (gas)                      (5.11) 
According to the condensation mechanism proposed by Mortier et al. [72], HA was possible 
to be partially condensed and produce H2O under 700 ℃ (5.10). Mg2Si could be seen as 
consisting of Si4− ions which was reactive toward H2O generating silane SiH4 (5.11) [73, 74]. 
The by-product of MgO could participate in cycling reaction with SiO2 as shown in (5.9). It 
was noticed that, when infiltration finished, the composite released a sharp and unpleasant 
smell. The smell was stronger when the infiltrating temperature was increased or the reaction 
time was longer, which indicated more reactions of stage three. It was difficult to characterize 
the gas emission in this project, but it was reasonable to speculate the gas released from 
HA/magnesium composite was SiH4 which was known to have a sharp and unpleasant smell. 
Therefore, there were three stages of reactions occurred during the infiltration of AZ31 into 
silica-coated HA scaffolds. It could be seen that SiO2 was demonstrated to not only promote 
reactive wetting during pressureless infiltration but also act as a protective layer preventing 
direct reactions between HA and molten Mg [46, 47]. When the infiltration time was short e.g. 
20 min, the reaction in stage one made a great contribution to facilitate pressureless infiltration, 
where the SiO2 react with molten Mg to produce MgO and Mg2Si increasing wettability 
between ceramic scaffolds and molten metal alloy. The formed MgO and Mg2Si resulted in 
further reactions in stage two and stage three, respectively. In the stage two, the Ca2+ in ceramic 
phase (HA) was partially replaced by Mg2+ to generate Mg-substituted HA and CaO which 




where the ceramic phase was dehydrated as MgxCa(10-x)(PO₄)₆O and a flammable gas (SiH4) 
was produced, depending on the reaction time. Thus, it was found CaSiO3 Mg2Si, Mg, Mg-
substituted HA, and SiH4 in the composites infiltrated within 20 min. When the reaction time 
was extended to 30 min, unwanted reactions in the stage three occurred consuming Mg2Si and 
producing gaseous silane. Therefore, the intensity of Mg2Si peaks in the XRD spectrum 
dropped significantly and the smell was noticeably stronger due to release of SiH4. When the 
reaction time was further increased >30 min, the reactions in stage three played predominant 
role where the saline gas was further generated and the architecture of HA scaffolds was 
completely destroyed [46, 47]. 
5.3.2.5 Mechanical properties 
The flexural strength and modulus of HA/magnesium composites and pure HA were evaluated 
by three-point bending tests on rectangular specimens; the compressive strength was measured 
by compression tests in rectangular specimens; the fracture toughness KIC was measured by 
three-point bending on SEB specimens. It was found that the µL HA/magnesium composites 
achieved a remarkable bending strain to ultimate stress of 0.5% and 1.4% whereas the reference 
bulk HA exhibited a failure strain of 0.1% (Fig.5-11a). Composites also exhibited superior 
mechanical performance compared to the bulk HA (Fig.5-11c). Moreover, the fracture surface 
of composites prepared with 20-min infiltration time (Fig.5-11b) showed a typical pull-out 
behaviour after failure which was considered as the primary energy dissipating mechanism in 





Fig.5-11 Strain-stress curves of three-point bending tests a) and SEM images of fractured 
surface of the HA/magnesium composite (20min) b). Summary of mechanical properties of bulk 
HA, HA/magnesium composites prepared at a duration of 20 min and 30 min c). Scale bar: 
100 µm. 
 
It is obvious that the composite prepared at short time of 20 min has better mechanical 
proeprties compared to that prepared at a duration of 30 min. This could be attributed to the 
different compositions and residual stress generated during infiltration. As discussed above, 
when the reaction time was 30 min, reaction (5.11) in stage three became predominant to 
consume Mg2Si and produce silane gas (SiH4). The Mg2Si was a strong and stiff material. The 
reduction of Mg2Si content resulted in decreased mechanical properties of composites. Besides, 
the as-generated silane gas also affected the mechanical properties by introducing defects and 
residual stress or even debonding in the final composites (Fig.5-7b). The residual stress and 




5.3.2.6 Summary of HA/magnesium composites 
HA/magnesium composites were fabricated via pressureless infiltration of AZ31 into silica-
coated HA scaffolds at 650 ℃. Complex chemical reactions occurred during the pressureless 
infiltration. The extent of reactions was dependent on duration. Longer duration (30 min) 
resulted in more severe reactions, leading to poor mechanical properties of the resultant 
composites compared to short duration (20 min) because of the generation of gaseous silane 
product. However, all the reaction by-products (magnesium-substituted HA [75], CaSiO3 [76, 
77], Mg2Si [78]) are still biocompatible. Therefore, the nacre-like HA/magnesium composites 
are worth a further investigation as biodegradable implant material. 
 
Fig.5-12 Comparison of µL HA/magnesium composite with other commonly used bone-
implant materials and cortical bones. The map of mechanical properties (stiffness and 
strength) of cortical bone [79], as-prepared HA/magnesium composite materials in this work  
and the other reported bone substitute materials: titanium-based alloy [80], Bioglass [81], 




Since bone is the second most transplanted tissue with 2.2 million bone-grafting procedures 
performed annually worldwide [84], there is a huge demand for customized bone substitutes 
for bone therapy. However, the most widely used implant materials such as stainless steel and 
titanium metals have various disadvantages with poor biocompatibility and mismatched 
mechanical properties with bone. Therefore, the major motivation of this work was to develop 
a biocompatible or biodegradable implant material with matched mechanical properties. It is 
demonstrated that the µL HA/magnesium composites exhibited comparable mechanical 
properties to natural cortical bone, with a compressive strength of 132-210 MPa and Young’s 
modulus of 8-12 GPa (Fig.5-12). Thus, the composites can reduce the stress shielding effect of 
the implants. Additionally, magnesium metal is biodegradable, the magnesium-based 
composites could offer a great potential as new biodegradable and biocompatible bone 
substitutes for orthopedic applications.  
5.4 Conclusions 
In this study, nacre-like µL ceramic/metal composites were prepared by pressureless 
infiltration of molten metals into as-prepared ceramic scaffolds. The pressureless infiltration 
was dependent on reactive wetting process allowing the penetration of molten metal in µL 
ceramic scaffolds with different ceramic fraction from 18% to 72%. The mechanical responses 
were demonstrated to be related to microstructure, ceramic fraction, and composition. Two 
different ceramic/metal systems were investigated i.e. alumina/aluminium and HA/magnesium.  
The results on alumina/aluminium showed that mechanics of the composites were highly 
dependent on ceramic fraction. With a low ceramic fraction of 18%, the composite exhibited 
typical toughening mechanisms of nacre and a rising R-curve reaching the maximum fracture 
toughness KJ at 50 MPa m
1/2. However, composites with higher ceramic fractions (>50%) 




alumina scaffolds and defects generated during metal infiltration. HA/magnesium composites 
were manufactured via pressureless infiltration of magnesium alloy AZ31 into silica coated 
HA scaffolds at low temperature (650 ℃) and short duration (<30 min). Silica coating was 
crucial to facilitate the infiltration as well as prevent the interactions between HA and 
magnesium alloy. Although it was inevitable that composites produced some new 
biocompatible phases i.e. magnesium-substituted HA, CaSiO3, and Mg2Si due to the reactions 
during infiltration, the mechanical properties of as-obtained µL HA/magnesium composites 
exhibited comparable and matched mechanical properties with cortical bones, indicating a 
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Conclusions and future work 
After billions of years of evolution, creatures in nature have possessed extraordinary structures 
and functions to survive severe conditions [1]. Natural composite materials such as nacre, tooth 
and bone have been developed as a source of inspiration and innovation to create a new class 
of bio-mimetic synthetic materials with superior performance over centuries. Currently, several 
studies have been investigating the synthetic materials with bio-inspired design, though it is 
still difficult to exactly replicate the architecture found in natural composite materials. For 
instance, nacre is one of the most promising biomineralized composite materials with nanoscale 
brick-and-mortar architecture. It was reported that nacres exhibited exceptional mechanical 
properties where the fracture toughness (in energy term) was thousands of times higher than 
that of single crystal of its constituents [2]. Inspired by this, research has been carried out to 
manufacture composites with bio-inspired nacre-like architectures utilizing multiple 
technologies, i.e. 3D printing [3], slip casting [4, 5], freeze casting [6-12]. In the present work, 
nacre-like composites were prepared by infiltrating polymeric or metallic compliant phase into 
ceramic scaffolds manufactured using bi-directional freeze casting. The mechanical responses 
of both the ceramic scaffolds and the composites were investigated. The strengthening and 
toughening mechanisms of biomimetic nacre-like composites were carefully analysed. Hence, 
the focus of this work was on how to manipulate the mechanical properties by fine tuning of 
bio-inspired nacre-like architectures, microstructure, and composition of composites. It 
demonstrated that it was possible to produce ceramic-based composite materials with 
exceptional mechanical properties. This chapter will summarise the main findings of this work 




6.1 Nacre-like ceramic scaffolds 
Porous ceramics are employed in several application sectors to mitigate the issues associated 
with environment [13], biology [14], and energy [15]. The microstructure, including pore 
shapes, dimensions, orientations, distributions, and overall porosities, was primarily 
responsible for properties in these applications and was also a result of particular processing 
techniques and parameters [16]. It was noted that traditional processing methods such as 
foaming often lacked the control of microstructure, which was necessary to tailor the properties. 
In this work, a new technique was provided by combining bi-directional freeze casting and two 
densification methods (one-step and two-step), which was capable of producing the ceramic 
scaffolds with nacre-like architectures. This technique also exhibited the ability to tailor the 
architectures (BM and µL) and microstructure (ceramic integrity or linking bridges, wall 
thickness, wall length, and volume fraction) and the resultant nacre-like scaffolds displayed 
high compressive strength when loaded in two orthotropic directions. In addition to their 
application in preparing nacre-like composites by infiltration of compliant phase into ceramic 
scaffolds, future research of the nacre-like ceramic scaffolds can focus on studies of 
relationships between processing, structure and properties and development of more 
applications.  
6.2 Nacre-like ceramic/polymer composites 
Inspired by nature, nacre-like ceramic/polymer composites were produced by infiltrating 
polymers into as-prepared ceramic scaffolds. Both zirconia and alumina were employed as the 
ceramic phases; PMMA, UDMA/TEGDMA, PU, and epoxy resin were used as polymeric 
compliant phases. One of the most significant goals of this work was to analyse the mechanical 
response of these nacre-like ceramic/polymer composites with various architectures (BM and 
µL), microstructures, ceramic fractions, polymer phases and interfacial conditions in order to 




ceramic/polymer composites were normally toughened by both intrinsic and extrinsic 
mechanisms with plastic deformation of polymer and crack deflections, respectively. The 
structural features of ceramic and polymer phases and their interface were demonstrated to 
affect those toughening mechanisms; the resultant mechanical properties of composites were 
enhanced by altering the stress distribution, defects density, ceramic bridges, load-bearing and 
lubricant effect. Moreover, the compliant phase made a great contribution to the mechanics of 
composites by affecting the stress distribution. In the end, µL composites exhibited superior 
mechanical response to BM composites at the same ceramic fraction and wall thickness owing 
to its improved stress-transfer effect.  
Apart from the compliant phase, the choice of the ceramic phase is also worth further 
investigation. Nacre-like µL ceramic scaffolds were prepared with three types of ceramic i.e. 
alumina, zirconia, and hydroxyapatite (HA) where they displayed distinctive mechanics in the 
form of bulk material (Fig.6-1a). After infiltration of PMMA, the flexural strength and stiffness 
of ceramic/PMMA composites are strongly correlated to the ceramic phase as shown in Fig.6-
1b. However, fracture toughness was not investigated due to the time constraint. In future work, 
it will be an interesting topic to investigate the effect of ceramic phase on fracture toughness 





Fig.6-1 Mechanical properties of pure ceramic a). Flexural strength and modulus b) of µL 
ceramic/PMMA composites with different types of ceramics.  
 
6.3 Nacre-like ceramic/metal composites 
The µL ceramic scaffolds were infiltrated with metals via reactive wetting and pressureless 
infiltration, and the resultant µL composites exhibit good mechanical properties. Careful 
control of interactions of metal alloys with atmosphere or scaffold coating was important to 
successfully infiltrate metals into ceramic scaffolds via improved reactive wetting. In the case 
of alumina/aluminium composites, the presence of N2 gas was effective in promoting the 
wetting of aluminium alloy with alumina scaffolds, where N2 interacted with Mg element in 
aluminium alloy (5083), forming a thin layer of Mg3N2 which facilitated the infiltration of 
aluminium alloy into alumina scaffolds. In the case of HA/magnesium composites, silica 
coating on the HA scaffolds played a key role in promoting the wetting that enabled the 
pressureless infiltration and preventing the violent reactions between molten magnesium alloy 
(AZ31) and HA scaffolds. Mg reacted with SiO2 to produce Mg2Si which improved the wetting 




Using the one-step method, µL alumina/aluminium composites were manufactured with 
various ceramic fractions. The composites with a relatively high ceramic fraction (>50%) 
displayed poor mechanical performance with lower strength and brittle failure behaviour due 
to inferior infiltration of aluminium alloy into ceramic scaffolds. By contrast, the composites 
with low ceramic content (18%) showed a higher strength and fracture toughness but a lower 
stiffness. This difference was attributed to the pores and defects formed because of incomplete 
pressureless infiltration and wall thickness ratio of ceramic and metal in high ceramic content 
composites. The alumina/aluminium composites were toughened by not only intrinsic 
mechanisms of plastic nature of aluminium but also extrinsic mechanism of typical crack 
deflection, e.g. pull-out, and crack bridging. In addition, µL composites of HA/magnesium was 
also investigated as potential biodegradable implant materials [18]. The µL HA/magnesium 
composites were produced via a colloidal coating process of silica on HA scaffolds and 
subsequently pressureless infiltration of a magnesium alloy (AZ31). Albeit a few new 
biocompatible phases were formed during infiltration process, the resultant composites still 
exhibited a good combination of stiffness and strength which matches the mechanics of cortical 
bones.  
Except for ceramic fraction, some more features of µL ceramic/metal composites can be further 
explored e.g. interface, composition, and microstructure. Understanding the contributions of 
these features to the toughening or strengthening mechanisms active in these bio-inspired 
materials is crucial for the development of stronger and tougher nacre-like ceramic/metal 
composites. For example, alumina/magnesium composites were briefly investigated via 
pressureless infiltration of a magnesium alloy (AZ31) into nacre-like alumina scaffolds. The 
composite displayed almost defect-free microstructure (Fig.6-2a). The three-point bending 
strain-stress curve exhibited a high flexural stress at 492 MPa and an excellent plastic 




characterization such as fracture toughness are needed to complete comparison between 
alumina/magnesium and alumina/aluminium composites.  
 
Fig.6-2 SEM micrograph a) and strain-stress curve for three-point-bending test b) of a nacre-
like alumina/magnesium composite. 
 
In addition, to assess the HA/magnesium composites as viable biodegradable implant materials, 
some of the key properties, i.e. biodegradability and biocompatibility should be investigated. 
Biodegradable rate and the biodegradation products of HA/magnesium composites should be 
fully evaluated in next step. To improve the corrosion resistance or biodegradability, Mg metal 
and its alloys were coated with HA and other materials e.g. biodegradable polymers to slow 
down the degradation rate [19-22]. Furthermore, multilayer system was investigated to further 
improve corrosive resistance [23, 24]. Here, the µL HA/magnesium composite is constructed 
with micro-layered structure of HA and Mg, which is inherently advantageous to achieve 
excellent corrosion resistance. On the other hand, the mechanical properties and 
biodegradability of HA/magnesium composites are highly dependent on the volume fraction 
of HA (or Mg) [25]. The one-step method developed in this work has demonstrated to be able 
to manipulate volume fraction of HA ceramic scaffolds. Therefore, the final µL 




prepared with desired ceramic fractions and properties in order to meet the requirements for 
different applications. 
6.4 Future work 
Currently, many nacre-inspired materials with different macroscopic dimensions and 
architectures have been demonstrated [26] and the most commonly reported nacre-like 
composites were the well-defined brick-and-mortar (BM) composites. By contrast, the µL 
composites investigated in present work have not been widely reported. To the best of my 
knowledge, the µL composites reported here are the first to be developed using such a cost-
effective way from powder processing route. Future work should be more focused on nacre-
like µL composites. As a new type of nacre-like composites, it is important to fundamentally 
understand how the structure features of µL composites affect their mechanical properties, 
what the optimal microstructural parameters are and how to control them in fabrication. Based 
on composites with µL architecture, future research work can be extended to the following 
three areas.  
6.4.1 Computer simulation 
Numerical analysis based on computer simulation is a powerful tool and widely used to predict 
the properties of structural materials and provide design guidance for fabrication and 
optimization of materials [27]. A recent research of computer simulation was conducted on the 
brick-and-mortar architecture [28]. Composites with ideal bricks were reacted and basic 
mechanical models were incorporated into an optimization scheme for the design of nacre-like 
composites. The newly developed nacre-like µL composites in this work are also worth further 
investigation by computer simulation. Unlike brick-and-mortar or typical layer-by-layer 
models, the µL architecture was assembled by ceramic layers with imperfect surface 




asperities formed during freeze casting. The micro-asperities made a great contribution to 
mechanics of composites according to the results in Chapter 4. In addition, more mechanical 
properties and toughening mechanisms can be analyzed and clarified by computer simulation. 
For example, Poisson’s ratio contributed to toughness of nacre [29]. Therefore, a new model 
of µL composites should be established to facilitate more accurate prediction about the 
properties of µL composites in future work. 
6.4.2 Optimisation of microstructural features  
Although some typical mechanics related features, i.e. interface, ceramic volume fraction, 
ceramic wall length and thickness were studied in this work, they are still worth being 
investigated more systematically. For example, this work qualitatively compared grafted and 
ungrafted composites. The results indicated that the grafting process was able to promote the 
interfacial bonding and strengthen the nacre-like composites. However, the µL 
alumina/PMMA composites with a high ceramic fraction (85%) exhibited a relatively low 
fracture toughness with a catastrophic failure behaviour because of the over-strengthened 
interface by ceramic bridges. To tackle this problem on high ceramic content composites, the 
interface can be chemically modified by reducing silane coupling agent to tailor the chemical 
bonding between ceramic and polymer phases. Under different reaction time or temperature, 
different amount of silane coupling agent can be grafted onto ceramic surface which can be 
quantitatively analysed by the X-ray photoelectron spectroscopy (XPS). After polymer 
infiltration, the mechanics of interface can be examined by micro-cantilever or push-out tests. 
As a result, the relationship between interfacial strength and mechanical properties of nacre-
like composites can be established. Further investigation will focus on the effects of other 
factors such as wall thickness and length, ceramic fraction on the mechanical properties 




6.4.3 Application exploration 
Because of their remarkable mechanical performance, nacre-like composites have shown a 
great potential for a range of applications in dental [4, 12], orthopaedic [10], and craniofacial 
implants [30]. With further improvement in mechanical properties, the nacre-like µL 
composites can also be designed as multifunctional materials for other engineering applications 
such as energy storage and thermal management. For instance, when the ceramic or polymer 
phase is carefully selected with thermally insulating or electrically conductive material, the 
resultant µL composites could also have such multifunctionalities in addition to excellent 
mechanical properties. The freeze casting was also suitable for scale up production because it 
is cost-effective and environmental-friendly . Therefore, the one-step densification method 
developed in present work paves a way for the design and fabrication of multifunctional nacre-
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